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(54) Signal evaluation devices and signal evaluation methods, signal quality evaluation methods 
and reproducing devices and recording devices 



(57) A signal evaluation device for evaluating a de- 
coded signal of maximum likelihood decoding includes: 
a differential metric circuit (9) for finding differential met- 
rics; comparators (10,11) forjudging whether a differ- 
ence of differential metrics (9) exceeds a predetermined 
threshold; counters (12 ; 13) for counting respective out- 
put pulses of the comparators (10,11); and a controller 
(14) for finding the probability of the differential metrics 



(9) falling at or below the predetermined threshold, 
based on the number of measured samples and the 
number of samples counted by the counters (12,13), 
and processing the probability by arithmetic operations 
so as to obtain an index of signal evaluation. With this 
arrangement, signal evaluation devices for evaluating a 
recording medium or a recording medium driving device 
can have a simpler structure and can perform evalua- 
tions in a plurality of PR modes. 
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Description 

FIELD OF THE INVENTION 

[00011 The present invention relates to signal evaluation devices and signal evaluation methods of a simple structure 
and of a capability to perform evaluations in different PR modes forthe evaluation of a recording medium or a record.ng 
medium driving device by evaluating a decoded signal of maximum likelihood decoding. The invention also relates to 
siqnal evaluation devices and signal evaluation methods for use in optical reproducing devices of a PRML (Part.a 
Response Maximum Likelihood) system, capable of reliably evaluating a reproduced signal quality with a simple circuit 
structure. The invention also relates to signal quality evaluation methods, reproducing devices and record.ng dev.ces. 

BACKGROUND OF THE INVENTION 

rO0O21 Over the last years, digitization of various information such as video information and audio information has 
drastically increased a volume of digital information. To accommodate the increased digital data volume, larger-capacity 
and higher-density optical disks and optical disk devices have been developed. Further, the advancement of high - 
density digital information has been associated with a poor quality of reproduced signals from the optical disk. Thus, 
there is a present need in particular to evaluate a reproduced signal. 

r00031 A reproduced signal from the optical disk is evaluated, for example, to ensure product quality before the optical 
disk is shipped, or to adjust various components of the optical disk device to optimize the quality of the reproduced 

[0004] Conventionally, evaluations of optical disks and optical disk devices have been carried out by measuring jitter 
or bit error rate (BER). In recent years, this evaluation method has been replaced by the PRML (Partial Response 
Maximum Likelihood) method, which is a data detection method for realizing high-density recording. An evaluation 
device suitable forthe PRML method is disclosed in Japanese Unexamined Patent Publication No. 21651/1998 (Toku- 
kaihei 10-21651) (published on January 23, 1998). 

[0005] Referringto Fig. 4 and Fig. 5, thefollowing explains this conventional signal evaluation device which evaluates 
a recording medium, such as optical disks, or a recording medium driving device, by evaluating a reproduced signal. 
The siqnal evaluation device of this conventional example decodes a reproduced signal by Viterb. decoding. Here, the 
code is (1 , 7) RLL with a minimum run length of 1 . and PR (1 , 2, 1 ) is used for the PRML method. As indicated by Table 
1 below, the state Sk of recorded bit sequence bk at sample point k is SO, S1 , S2. or S3. 

[Table 1] 
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SO 



55 



STATE 


RECORDED BIT 


Sk 


bk - 1 


bk 


SO 


0 


0 


S1 


0 


1 


S2 


1 


1 


S3 


1 


0 



[0006] The state changes from one state to another according to the next recording bit. This transition of a state is 
called branching Table 2 shows how the state changes according to the recording bit. As noted above, tbe code used 
here is (1 , 7) RLL with a minimum run length of 1 . That is, the minimum run length is restricted to 1, which accounts 
forthe six branches a, b, c, d, e, f. 

[Table 2] 





RECORDED BIT 


STATE 


EXPECTED VALUE 


No. 


bk - 2 


bk - 1 


bk 


Sk - 1 


Sk 


Yk 


a 


0 


0 


0 


SO 


SO 


-1.0 


b 


1 


0 


0 


S3 


SO 


-0.5 


c 


0 


0 


1 


SO 


S1 


-0.5 


d 


0 


1 


1 


S1 


S2 


0.5 
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[Table 2\ (continued) 
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RECORDED BIT 


STATE 


EXPECTED VALUE 


No. 


bk - 2 


bk - 1 


bk 


Sk - 1 


Sk 


Yk 


e 


1 


1 


1 


S2 


S2 


1.0 


f 


1 


1 


0 


S2 


S3 


0.5 



[0007] Table 2 contains expected value Yk, which indicates a reproduced signal level of an ideal waveform which 
10 contains no noise, because, in PR (1 . 2, 1 ), the reproduced signal level is determined by the 3-bit recording bit sequence. 
Here, the reproduced signal level of the ideal waveform has been normalized to have a minimum value of -1 and a 
maximum value of 1 . 

[0008] Here, the branch metric (Zk - Yk)2 of each branch at sample point k is calculated, where Zk is the reproduced 
signal level at sample point k, and Yk is the expected value of the reproduced signal level. That is, the branch metric 
t5 is the square of a difference between a reproduced signal level and its expected value, and therefore indicates a square 
error of the reproduced signal level with respect to the expected value. 

[0009] The branch metric is used to select a branch when two branches merge into one state. Branches that are 
continuous are called a path, and a sequence of selected branches is called a surviving path. 

[0010] In this instance, when the accumulative value of branch metrics with respect to the surviving path in each 
20 state at sample point k - 1 is mk - 1 , the accumulative value of branch metrics at sample point k is given by the sum 
of mk - 1 and the branch metric bmk at sample point k. As described, since the branch metric is indicative of a square 
error, the accumulative value is the sum of errors. Therefore, the branches that are selected out are those which would 
give a smaller value of mk - 1 + bmk. 

[001 1] For example, the branches that enter the state SO at sample point k are branch a, which changes from SO to 
25 SO, and branch b, which changes from S3 to SO, as Table 2 indicates. When the accumulative values of the branch 
metrics of branch a and branch b are mOk - 1 and m3k - 1 , respectively, and when their respective branch metrics are 
bmak and bmbk, then the accumulative values mOk(a) and mOk(b) of branch metric a and branch metric b at sample 
point k are given by the following equations (1) and (2), respectively. 

30 

m0k(a) « mOk - 1 + bmak 0) 



m0k(b) = m3k - 1 + bmak (2) 

35 

[0012] The values of m0k(a) and m0k(b) are compared, and the branch which gives the smaller value is selected. 
[0013] Here : when the correct state at sample point k is SO, and when the correct transition is a, the equation 

40 Amk = mOK(b) - m0k(a) (3) 

is calculated, where Amk is called a differential metric. 

[0014] When the correct state at sample point k is SO, and when the correct transition is b, the differential metric 
Amk becomes 

45 

Amk = mOk(a) - mOk(b) (*)• 

[0015] That is, the accumulative value of the branch metric of the correct transition is subtracted from the accumu- 
50 lative value of the branch metric of the incorrect transition. For the determination of a correct state and a correct 

transition, a method described in the foregoing publication can be used, which uses a recorded data sequence, or 

delays a reproduced data sequence when the error rate of the reproduced data sequence is low. 

[0016] The result of decoding, i.e., the differential metric Amk, is positive when the selected branch is correct, and 

is negative when the selected branch is incorrect. 
55 [001 7] Fig. 4 shows a distribution of differential metrics calculated at each sample point. Assuming that the differential 

metric distribution can be approximated to a normal distribution, the means is given by n, and the standard deviation 

by a. The probability that the differential- metric has a negative value is equal to the bit error rate (BER), because the 
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differential metric becomes negative when there is an error, i.e., when the incorrect branch is selected, as explained 
above. That is, the BER can be estimated by calculating the following equation (5) 



0 



{t-uf 



10 



BER = —f= fe 2ff dt ■••(5) 

.J-c 



-oo 



[0018] In the event where a relative quality of the reproduced signal not the absolute value of the BER of the optical 

disk or optical disk device is sought, o/u. may be used as an index of the reproduced signal quality. 

[0019] lncidentally : the distribution of differential metrics shown in Fig. 4 has a single peak. However, where the 

15 minimum run length is restricted, the distribution of differential metrics would contain a plurality of peaks, as shown in 
Fig. 5. It is possible in this case to calculate the BER as if the distribution has a single peak, by regarding the peak 
closest to 0 as the only peak in the distribution and assuming that the distribution of differential metrics is a normal 
distribution in a domain of differential metrics to the left of n in Fig. 5. However, unlike the distribution having the real 
single peak, ji cannot be determined from the calculated mean, and accordingly standard deviation a cannot be ob- 

20 tained. 

[0020] In order to solve this problem, the foregoing publication extracts only the sequence which would give the 
highest probability of producing negative differential metrics, i.e., the sequence which traces a path that forms a dis- 
tribution with a closest-to-zero peak. With this processing, a distribution with a single peak, as shown in Fig. 4, can be 
obtained, thereby enabling the mean \x. and standard deviation a to bo calculated relatively easily. 
25 [0021] However, while a distribution with a single peak can be obtained by extracting only the data sequence which 
traces a predetermined path, this processing requires a complex device structure. For example, in PR (1, 2, 1), it is 
required to find four paths of continuous four different states making specific transitions and to extract only the paths 
which coincide with these paths. This requires four 5-bit comparators. 

[0022] Further, the number of paths which need to be found becomes different depending on the PR mode. In PR 
30 (1, 2, 2), it is required to find sixteen paths of continuous five different states which make specific transitions. This 
requires sixteen 6-bit comparators. 

[0023] Thus, the signal quality evaluation device of the foregoing publication requires a large number of comparators 
to find and extract particular paths, with a result that the device structure becomes complex. 

[0024] Further, because the extracted paths are different for each PR mode, the comparators cannot be shared in 
35 the evaluations in different PR modes. That is, the signal evaluation device is only applicable to the evaluation in a 
particular PR mode, and it cannot be used for the evaluations in more than one PR mode. 

[0025] Meanwhile, a jitter, which has been conventionally used as a criterion for evaluating a reproduced signal 
quality in optical disks has been replaced by the PRML method, which is a data detection method for realizing high- 
density recording. Under these circumstances, a jitter, which indicates variations on a time axis, is not suitable as a 
40 criterion for the evaluation. Further, it is also common to use a bit error rate : which is a result of data detection by the 
PRML method, to evaluate a reproduced signal quality. However, this method is associated with many drawbacks, 
such as a large number of sample bits required for the measurement, and susceptibility to defects due to a scratch on 
the disk, for example. 

[0026] In light of these backgrounds, there has been proposed an evaluation method of a reproduced signal quality, 
45 known as SAM (Sequenced Amplitude Margin) (T. Perkins, A Window-Margin-Like Procedure for Evaluating PRML 
Channel Performance; IEEE Transactions on Magnetics, Vol. 31, No. 2, 1995, pp. 1109- 1114). 

[0027] The concept of SAM is described below with reference to Fig. 18 through Fig. 20(a) and Fig. 20(b). The 
following description is based on the case of PRML detection in which a reproduced signal of a bit string which was 
recorded with the (1 , 7) RLL (Run Length Limited) code is detected according to the PR (1 , 2, 1 ) characteristics. 

so [0028] According to the PR (1 , 2, 1) characteristics, the reproduced signal waveform of an ideal IT mark having no 
distortion or noise has a channel-clock-based sample level ratio of 1 :2:1 , as shown in Fig. 18. The reproduced signal 
waveforms of 2T or greater marks are determined by superimposing the reproduced signal waveform of the 1T mark, 
so that the sample level ratios of the 2T mark, 3T mark, and AT mark become 1:3:3:1, 1 '.3:4:3:1, and 1 :3:4:4:3:1 , 
respectively. — 

55 [0029] In this manner, an ideal reproduced signal waveform is assumed for an arbitrary bit string, and five ideal 
sample levels 0,1,2,3,4 are set. Here, for simplicity, the sample levels are normalized to have peak amplitude values 
of +1 and -1 , and accordingly the ideal sample levels are -1 , -0.5, 0, +0.5, +1 . 

[0030] The PRML decoding is implemented by the Viterbi decoding. Here, the trellis diagram as shown in Fig. 19 is 
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" considered to explain the Viterbi decoding. In Fig. 19; S(00), S(01). S(10), S(1t) indicate states,and, for example, S 
(00) means that the preceding bit and the current bit are both 0. The line which connects one state to another is called 
a branch, and it indicates a state transition. For example, the branch which indicates a transition from S(00) to S(01) 
can represent a bit string 001 . 
5 [0031] In Fig. 19, each branch has an identifier a through f, each with an ideal waveform level expected in its state 
transition. For example, the branch a represents a bit string 000 and has an ideal level -1 , and the branch b has a bit 
string 100 and has an ideal level -0.5. There is no branch from S(01) to S(10) and from S(1 0) to S(01), reflecting the 
impossible bit strings 010 and 101 in the (1, 7) RLL code whose run length is limited by d = 1 . 

[0032] In the trellis diagram, to consider all combinations of branches which connect one state to another (called 
10 "paths") is to consider all possible bit strings. Thus, the actual reproduced waveformf rom the magneto-optical recording 
medium can be compared with the expected ideal waveform of each path to find a path with the closest waveform, i. 
e. , a path with an ideal waveform having the shortest Euclid distance. In this way, the most likely path can be regarded 
as the correct path. 

[0033] The following explains the processes of the Viterbi decoding in more detail, with reference to the trellis diagram 
15 of Fig. 19. At an arbitrary time, two paths merge into state S(00) and into state S(11), while a single path extends to 

state S(01) and to S(1 0). With respect to each set of the two paths which merge into state S(01) and state S(11), the 

path with an ideal waveform that gives a shorter Euclid distance from the reproduced signal waveform is selected as 

a surviving path. As a result, four path* remain at an arbitrary time, respectively extending to the four states. 

[0034] The square of the Euclid distance between the ideal waveform of a path and the reproduced signal waveform 
20 is called a path metric. The path metric is determined by calculating the accumulative value of branch metric, which is 

the square of a difference between the ideal sample level of a branch and the sample level of the reproduced waveform, 

with respect to all the branches making up the path. 

[0035] The branch metrics are calculated from the following equations (13) through (16), and the path metrics are 
calculated from the following equations (17) through (20), 

25 

Ba[t]= (X[t] + 1) 2 (13) 

Bb[t] = Bc[t] = (X[t] + 0.5) 2 (14) 

Bd[t] = Be[t] = (Xffl - 0.5) 2 (15) 

Bf[t] = (X[t]-1) 2 (16) 

M(00)[t] = Min{M(00)[M] + Ba[t], M(10)[t-1] + Bb[t]} 

(Min{m,n) = m(if m < n); n(if m > n)) (1 7) 

M(01)[t] = M(00)[t-1] + Bc[t] (18) 

M(10)[t] = M(11)[M] + Bd[t] (19) 

so M(11)[t] = Min{M(01)[M] + Be[t], M(11)[l-1] + Bf[t]} 

(Min{m s n} = m(if m < n); n(if m > n)) (20) 



30 



35 



40 



45 



55 



where X[t] is the sample level of the reproduced signal waveform at time t, Ba[t], Bb[t], Bc[t], Bd[t], Be[t], Bf[t] are the 
branch metrics of the branches a, b, c, d, e, f, respectively, at time t, and M(00)[t], M(01)[t], M(10)[t], M(11)[t] are the 
path metrics of the surviving paths of the states S(00), S(01 ), S(10), and S(11 ) : respectively, at time t. The process of 
selecting a smaller path metric of M(00)[t] and M(11 )[t] is the selection of a surviving path. 
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[0036] By repeating the process of selecting a surviving path in response to input of a sample value of the reproduced 
signai waveform, the paths with larger path metrics are successively eliminated before the paths eventually converge 
into a single path. This path is regarded and used as the correct path to correctly reproduce the original data bit string. 
[0037] Given this condition of Viterbi decoding, in order for the paths to converge into a single correct path, it is 

5 required that the path metric of the correct path be smaller than the path metric of the incorrect path every time a 
surviving path is selected. This condition is given by the following expressions (21 ) through (24), according to different 
correct bit strings. 

[0038] When the correct bit string is ...000, 
W AM = (M(01)[t-1] + Bb[t]) - (M(00)[t-1] + Ba[t]) > 0 (21). 

[0039] When the correct bit string is ... 100, 

6 AM = (M(00)[t-1 ] + Ba[t]) - (M(01 )[t-1 ] + Bb[t]) > 0 (22). 
[0040] When the correct bit string is ...011 , 

AM = (M(1 1)[M ] + Bf[t]) - (M(01 )[M] + Be[tJ) > 0 (23). 

[0041] When the correct bit string is ...111 , 

AM = (M(01 )[t-1 ] + Be[t]) - (M(1 1 )[M ] + Bf[t]) > 0 (24). 

[0042] Also, when the correct bit string is ...001 or ...110, AM is always greater than 0 because the selection of a 
surviving path never fails in this case. 
30 [0043] In the foregoing expressions (21) through (24), AM is a difference of path metrics of two paths being chosen, 
and it is called a SAM. To avoid error, it is required that SAM > 0. Further, the larger the SAM value, the smaller the 
probability of an error. 

[0044] In order to evaluate reliability of the system using the SAM value, a distribution of SAM values calculated at 
each time must be evaluated in its entirety. The foregoing publication Tokukaihei 10-21651 proposes a method of 
35 testing reliability of a reproducing device, using the standard deviation of a frequency distribution of SAM values for 
the evaluation. 

[0045] Fig. 20(a) is a graph of afrequency distribution of actual SAM values which were determined from a reproduced 
signal of a (1, 7) RLL code pattern recorded in a magneto-optical disk. As can be seen from the graph, the SAM 
distribution has two peaks. This is due to the fact that the Euclid distance between a correct path and an incorrect path 

40 becomes different depending on the bit pattern when obtaining SAM values for the entire reproduced signal. 

[0046] Therefore, as shown in Fig. 20(b), the SAM distribution of a noise-free ideal reproduced signal which was 
obtained from the (1 , 7) RLL code string has a plurality of discrete ideal values 1 .5, 2.5, 3.5, 4.5, 5. 6, 7, 8, 9. The ideal 
values have different frequencies because, in addition to the different numbers of bit patterns for each ideal value, the 
occurrence of each bit pattern is different in the (1 , 7) RLL code string. The actual reproduced signal has various kinds 

45 of noise and the ideal values are varied. The result is the distribution pattern with a combination of different distributions, 
as Fig. 20(a) illustrates. 

[0047] The SAM distribution, with these characteristics, is very different from normal distributions. Therefore, simply 

finding a standard deviation from the SAM distribution only gives a little correlation with the bit error rate. 

[0048] For this reason, the foregoing Tokukaihei 1 0-21651 creates a SAM distribution by selecting only the bit patterns 

so with the SAM ideal value of 1 .5, which have a high probability producing SAM values less than 0 by the influence of a 
noise, so as to determine a standard deviation with respectto this SAM distribution. This essentially requires a sequence 
of monitoring patterns of a plurality of data bits resulting from the PRML decoding, and determining SAM values only 
when the patterns are specific patterns. The drawback of such a sequence is a complex circuit structure. Further, the 
. _ load on the circuit is large because in order to determine the standard deviation the circuit must calculate the square 

55 error of each SAM value and the SAM mean value. 

[0049] The inventors of the present invention have proposed a method of testing reliability of a reproducing device 
by first determining relative frequencies according to two different thresholds in afrequency distribution of SAM values 
and then calculating the bit error rate. Note that, this testing method for a reproducing device is referred to herein only 
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for the~purpose of explanation, and it does not constitute, known art or prior art of. the present invention. 
[0050] The method of testing reliability of a reproducing device is described below. As described above with reference 
to Fig. 20(a) and Fig. 20(b), the frequency distribution of SAM values has a distribution pattern with a combination of 
different distributions because a plurality of SAM ideal values are found with variations by the influence of a noise. 
5 Each distribution can be approximated to a normal distribution if the noise is a white noise or close to a white noise. 
Therefore, a portion of the SAM distribution smaller than the minimum SAM ideal value 1 .5 can be nearly approximated 
to a normal distribution with the mode u, close to 1 .5. Here, the standard deviation a, which indicates a variance of the 
approximated normal distribution, corresponds one to one to the bit error rate, which relationship is represented by the 
following equation (34) 



15 
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BER = Kx-=L-f exp{-(x-H072cT 2 }dx (34) 



[0051] Fig. 28 shows a graph of a frequency distribution of actual SAM values measured from an actual optical disk 
reproducing device (shown in solid line), superimposed on a normal distribution with the standard devialion a corre- 

20 sponding to the bit error rate (shown in dotted line). 

[0052] The last part on the right-hand-side of equation (34) is known in statistics as a distribution function which is 
determined by integrating a probability density function of a normal distribution, and it indicates a relative frequency in 
a domain not more than 0 in a normal distribution with mode \x. and standard deviation o. Further, since the error bit in 
principle occurs when SAM < 0, it can be said that the bit error rate BER is equal to a proportion of the domain not 

25 more than 0 with respect to all frequencies of the frequency distribution of SAM values. Therefore, the relative frequency 
in the domain not more than 0 in the normal distribution, multiplied by constant K of modulus transformation, coincides 
with the bit error rate. More specifically, constant K is obtained from 



K= n/N 



where N is the total frequencies of the frequency distribution of SAM values, and n is the number of patterns which 
give the smallest SAM ideal value, i.e., the SAM ideal value of 1 .5 (a distribution which is created only with the SAM 
values of such patterns is approximated to a normal distribution with the mode of about 1 .5). 
35 [0053] With respect to the frequency distribution of SAM values, relative frequencies R1 ' and R2' of domains at or 
below predetermined threshold values SL1 and SL2, respectively, are measured to give equations (35) and (36) below. 
These simultaneous equations can be solved for standard deviation o and mode u.. 



40 
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R1 . = K ;j-H!±I^ldx (35) 



^ = Kx f- expWx^/2^ } dx ... (36) 



50 



[0054] The bit error rate BER can be calculated from equation (34) with the substituted values of standard deviation 
o and mode u, obtained from equations (35) and (36). ~ _ 

55 [0055] The calculations of error rate from the relative frequencies of the frequency distribution of SAM values based 
on two different thresholds thus require solving very complex equations (35) and (36), whose results must then be 
used to solve equation (34). This is one problem of the foregoing signal evaluation device, because the operation of 
such calculations takes a notoriously long time when it is run on a microcomputer with software. 
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SUMMARY OF THE INVENTION 

[0056] The present invention finds solutions to the foregoing problems, and an object of the present invention is to 
provide signal evaluation devices and signal evaluation methods of a capability to perform evaluation in a plurality of 
5 PR modes with a simple structure, in addition to reliably evaluating a quality of a reproduced signal in a short period 
of time and with a simple circuit structure. 

[0057] In order to achieve this object, a signal evaluation device of the present invention for evaluating a decoded 
signal of maximum likelihood decoding includes: subtracting means for finding a difference of likelihoods of measured 
samples; counting means for counting a number of samples which has given a difference of likelihoods at or below a 
10 predetermined threshold as a result of subtraction by the subtracting means; and arithmetic operation means for finding 
a probability, based on a number of measured samples and the number of samples counted by the counting means, 
that the difference of likelihoods is at or below the predetermined threshold, and processing the probability by arithmetic 
operations so as to obtain an index of signal evaluation. 

[0058] According to this invention, a signal evaluation device which evaluates a signal to evaluate a recording medium 

15 or a recording medium driving device can be realized with a simple structure. 

[0059] Conventionally, a single-peak-distribution which can be approximated to a normal distribution was obtained 
and mean \i and standard deviation a of such a distribution were found by extracting those measured samples which 
would give the highest probability of producing negative differences of likelihoods, i.e., only the sequence that traces 
paths which form a distribution with the peak closest to 0. However, extracting only the sequence thai traces specific 

20 paths requires a large number of comparators and it necessitates the signal evaluation device to have a complex 
structure. Further, since the extracted path is different for each PR mode, the same comparator cannot be used for 
the evaluations of different PR modes. 

[0060] In contrast, the signal evaluation device of the present invention is adapted so that the counting means counts 
the number of samples which has given a difference of likelihoods at or below a predetermined threshold as a result 
25 of operations on measured samples by the subtracting means, and the arithmetic operation meansfinds the probability, 
based on the number of measured samples and the number of counted samples, that the difference of likelihoods is 
at or below the predetermined threshold, and processes this probability by arithmetic operations to obtain an index of 
signal evaluation. 

[0061] That is, the signal evaluation device of the present invention finds the probability of the difference of likelihoods 
30 falling at or below a predetermined threshold and processes the probability by arithmetic operations so as to obtain 
an index of signal evaluation. This makes it possible to obtain mean u, and standard deviation oof a normal distribution 
which is approximated from the distribution with the closest-to-zero peak, without extracting only the sequence which 
traces paths that form such a distribution. 

[0062] For example, the counting means can be used to count the number of samples which has given a difference 

35 of likelihoods at or below a first threshold and count the number of samples which has given a difference of likelihoods 
at or below a second threshold. The probability of at or below the first threshold and the probability of at or below the 
second threshold can be found by respectively dividing these two sample numbers by the number of measured samples . 
The two probabilities so obtained can be used to obtain mean u and standard deviation a of an area approximated to 
a normal distribution, allowing an estimated value of BER to be calculated as an index of signal evaluation. 

40 [0063] An index of signal evaluation is obtained in this manner without the process of extracting a specific path : and 
therefore a signal evaluation device of a simple structure can be realized without a large number of comparators. 
Further since the signal evaluation device does not extract a specific path, it can be commonly used for the evaluations 
of different PR modes. That is, there is provided a signal evaluation device, for use in a recording medium or a recording 
medium driving device, capable of performing evaluations in different PR modes with a simple structure. 

45 [0064] Further, in order to achieve the foregoing object, a signal quality evaluation method of the present invention 
includes the steps of: reproducing a recording medium; finding a path metric difference of two paths which enter a 
correct state of a trellis during PRML decoding of a reproduced signal from the recording medium; finding a. relative 
frequency of a domain defined by a predetermined threshold in a frequency distribution of path metric differences; and 
evaluating a quality of the reproduced signal based on the relative frequency. 

so [0065] According to this invention, a signal quality evaluation method capable of easily and accurately detecting and 
evaluating a quality of a reproduced signal can be provided. 

[0066] That is, the signal quality evaluation method of the present invention finds a path metric difference of two 
paths which enter a correct state of a trellis during PRML decoding of a reproduced signal from the recording medium, 
and evaluates a quality of the reproduced signal based on the relative frequency of a portion of a frequency distribution 
55 of path metric differences defined by a predetermined threshold. 

[0067] Thus, it is not required, as conventionally done, to calculate SAM values by selecting only those bit patterns 
with a predetermined ideal value. That is, the signal quality evaluation method of the present invention can be imple- 
mented on devices with a simple circuit structure, because the method does not require the step of monitoring patterns 
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* of plural data bits and judging whether the patterns are specific patterns. - - 

[0068] Further, the frequency distribution of path metric differences has a narrower spread under good signal quality 
conditions (small noise) and has a wider spread under bad signal quality conditions (large noise). That is, the relative 
frequency of an area defined by a predetermined threshold in the frequency distribution of path metric differences, i. 
5 e., the relative frequency of an area at or below the predetermined threshold corresponds to the spread of the frequency 
distribution. Thus, the relative frequency reflects the size of a noise, and corresponds to a signal quality. Therefore, by 
evaluating a quality of the reproduced signal based on the relative frequency, a quality of the reproduced signal can 
be accurately detected. 

[0069] In order to achieve the foregoing object, a reproducing device of the present invention includes: reproducing 
10 means for reproducing a recording medium; path metric difference detecting means for finding a path metric difference 
of two paths which enter a correct state of a trellis during PRML decoding of a reproduced signal reproduced by the 
reproducing means; relative frequency detecting means for finding a relative frequency of a domain defined by a pre- 
determined threshold in a frequency distribution of path metric differences; and signal quality evaluation means for 
evaluating a quality of the reproduced signal based on the relative frequency. 
75 [0070] According to this invention, a signal reproducing device of a simple circuit structure, capable of accurately 
detecting a quality of a reproduced signal can be provided. 

[0071] That is, the path metric difference detecting means finds a path metric difference of two paths which enter a 
correct state of a trellis during PRML decoding of a reproduced signal reproduced from the recording medium by the 
reproducing means, and it does not, as conventionally done, to select only those bit patterns with a predetermined 
20 ideal value. That is. the path metric difference detecting means can be realized by a simple circuit structure because 
it only finds a path metric difference of the two paths, rather than monitoring patterns of plural data bits and judging 
whether the patterns are specific patterns. 

[0072] Further, the relative frequency detecting means finds the relative frequency of an area defined by a prede- 
termined threshold in a frequency distribution of path metric differences. The signal quality evaluation means evaluates 

25 a quality of the reproduced signal based on the relative frequency found by the relative frequency detecting means. 
[0073] As noted above , the frequency distribution of path metric differences varies depending on the signal quality. 
Therefore, the relative frequency of the area defined by the predetermined threshold in the frequency distribution of 
path metric differences reflects the size of a noise and corresponds to a signal quality Thus, by evaluating a quality 
of the reproduced signal based on the relative frequency, a quality of the reproduced signal can be accurately detected. 

30 [0074] Further in order to achieve the foregoing object, a signal evaluation device of the present invention includes: 
reproducing means for reproducing a recording medium: path metric difference detecting means for finding a path 
metric difference of two paths which enter a correct state of a trellis during PRML decoding of a reproduced signal 
reproduced from the recording medium by the reproducing means; first relative frequency detecting means for finding 
a first relative frequency, which is a relative frequency of a domain defined by a first threshold in a frequency distribution 

35 of path metric differences; second relative frequency detecting means for detecting a second relative frequency, which 
is a relative frequency of a domain defined by a second threshold in the frequency distributi on of path metric differences; 
and signal evaluation means for evaluating, referring to a pre-set look-up table, a quality of the reproduced signal based 
on the first and second relative frequencies found by the first and second relative frequency detecting means, respec- 
tively. 

40 [0075] With the signal evaluation device having the foregoing structure, the standard deviation and the mode of a 
frequency distribution of path metric differences can be found based on, for example, the first relative frequency and 
the second relative frequency of areas at or below the first and second thresholds, respectively, with respect to the 
frequency distribution of path metric differences of two paths which enter a correct state of a trellis during PRML de- 
coding of the reproduced signal from the recording medium. 

45 [0076] The standard deviation and the mode of the frequency distribution of path metric differences thus found can 
be used to obtain a signal quality evaluation value (bit error rate), which is indicative of a reproduced signal quality, for 
each combination of the first and second relative frequencies. The signal quality evaluation value, for each combination 
of the first and second relative frequencies, is registered in a look-up table. In actual evaluation of a reproduced signal 
quality, the first relative frequency detecting means finds the first relative frequency, which is the relative frequency of 

so an area defined by the first threshold in the frequency distribution of path metric differences obtained by the path metric 
difference detecting means. Also, the second relative frequency detecting means finds the second relative frequency, 
which is the relative frequency of an area defined by the second threshold in the frequency distribution of path metric 
differences. Based on the first and second relative frequencies found by the first and second relative frequency detecting 
means, respectively, the signal evaluation means evaluates a quality of the reproduced signal, referring to the look-up 

55 table. 

[0077] That is, with use of the look-up table which is created by calculating corresponding reproduced signal qualities 
of the two relative frequencies of the frequency distribution of path metric differences, no complex statistical operations 
need to be carried out by a microcomputer of the device. As a result, a signal quality can easily be evaluated in a 
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significantly shorter period of time. 

[0078] For a fuller understanding of the nature and advantages of the invention, reference should be made to the 
ensuing detailed description taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0079] 

Fig. 1 is an explanatory drawing schematically showing a structure of a signal evaluation device according to one 
embodiment of the present invention. 

Fig, 2 is a flow chart explaining a signal evaluation method using the signal evaluation device according to one 
embodiment of the present invention. 

Fig. 3 is an explanatory drawing showing a differential metric distribution according to one embodiment of the 
present invention. 

Fig. 4 is an explanatory drawing showing a differential metric distribution. 
Fig. 5 is an explanatory drawing showing a differential metric distribution. 

Fig. 6 is a drawing schematically showing a structure of a magneto-optical disk reproducing device according to 
1 another embodiment of the present invention. 

Fig. 7(a) and Fig. 7(b) are graphs explaining a relationship between relative frequency of SAM frequency distribu- 
tion and signal quality. 

Fig. 8 is a drawing schematically showing a structure of a magneto-optical disk reproducing device according to 
yet another embodiment of the present invention. 

Fig. 9 is a flow chart explaining test read operations of the magneto-optical disk reproducing device of Fig. 8. 
Fig. 10 is an explanatory drawing showing a graph of measurement results of the test read operations of the 
magneto-optical disk reproducing device of Fig. 8. 

Fig. 11 is a drawing schematically showing a structure of a magneto-optical disk reproducing device according to 
the Fourth Embodiment of the present invention. 

Fig. 12 is a flow chart explaining test write operations of the magneto-optical disk reproducing device of Fig. 11 
Fig. 1 3 is an explanatory drawing showing a graph of measurement results of test write operations of the magneto- 
optical disk reproducing device of Fig. 11. 

Fig. 14 is a graph showing measurement results of a SAM frequency distribution, superimposed on a normal 
distribution corresponding to the bit error rate. 

Fig. 15(a) through Fig. 15(f) are explanatory drawings showing a graph of measurement results vs. theoretical 
calculation results in a relationship of SAM relative frequency and bit error rate. 

Fig. 16(a) through Fig. 16(f) are explanatory drawings showing a graph of measurement results vs. theoretical 
calculation results in a relationship of SAM relative frequency and bit error rate, when there is a defect. 
Fig. 17 is a drawing showing a structure of a magneto-optical disk reproducing device according to the Fifth Em- 
bodiment of the present invention. 

Fig. 18 is a diagram showing a reproduced signal waveform according to PR (1 , 2, 1) characteristics. 
Fig. 19 is a diagram showing a trellis. 

Fig. 20(a) and Fig. 20(b) are graphs of SAM frequency distribution of a measured waveform and an ideal waveform, 
respectively. 

Fig. 21 is a drawing showing a structure of a magneto-optical disk reproducing device using a signal evaluation 

device and a signal evaluation method according to the First Embodiment of the present invention. 

Fig. 22 is a diagram showing contents of a look-up table of the reproducing device. 

Fig. 23 is a diagram showing contents of a look-up table in which only effective data are registered. 

Fig. 24 is a diagram showing contents of a look-up table in which labels of the table are varied exponentially. 

Fig. 25 is a diagram showing contents of a look-up table in which the registered values are 1-bit integers. 

Fig. 26(a) and Fig. 26(b) are diagrams showing contents of a look-up table of a magneto-optical disk reproducing 

device using a signal evaluation device and a signal evaluation method according to the Second Embodiment of 

the present invention. 

Fig. 27 is a flow chart showing operations of the magneto-optical disk reproducing device. 

Fig. 28 is a graph showing measurement results of a SAM frequency distribution, superimposed on a normal 
distribution corresponding to the bit error rate. 
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DESCRIPTION OF THE EMBODIMENTS ' - " - . - ...... 

[First Embodiment] 

5 [0080] Referring to Fig. 1 through Fig. 3, the following will describe one embodiment of the present invention. 

[0081] The present embodiment describes an evaluation device which evaluates a signal quality for the evaluation 
of a recording medium or a recording medium driving device. Fig. 1 schematically shows a configuration of a signal 
evaluation device of the present embodiment, in which an optical disk is used as the recording medium. Specifically, 
Fig. 1 illustrates a relevant part of the signal evaluation device where a reproduced signal of the optical disk is processed. 

10 [0082] As shown in Fig. 1 , the signal evaluation device of the present embodiment includes the optical disk (recording 
medium) 1 , a spindle motor 2, an objective lens 3, a pick-up 4, an RF circuit 5, an A/D convertor 6, a decoder 7, an 
error correction circuit 8, a differential metric arithmetic circuit (subtractor) 9, a comparator A (counting means, first 
counting means) 1 0, a comparator B (counting means, second counting means) 11 , a counter A (counting means, first 
counting means) 12, a counter B (counting means, second counting means) 13, a controller (arithmetic operation 

is means, correction arithmetic means) 14, and a recording data generator 15. 

[0083] The following describes operations of the signal evaluation device having the foregoing structure. Among 
various types of optical disks 1 available, the descriptions of the present embodiment will be given through the case 
of a magneto -optical disk (MO disk). The optical disk 1 is driven to rotate by the spindle motor 2, and a light beam is 
projected through the objective lens 3 of the pick-up 4 which is provided below the optical disk 1 . It should be noted 

20 here that the position of the pick-up 4, which is below the optical disk 1 in the present embodiment, is not particularly 
limited. 

[0084] The reflected light of the light beam off the optical disk 1 is detected by a photo detector (not shown) which 
is provided in the pick-up 4. The pick-up 4 separates the light into a magneto-optical signal (MO signal) and other signals. 
[0085] The RF circuit 5 adjusts the amplitude or offset of the magneto-optical signal, and the A/D convertor 6 converts 

25 the magneto-optical signal into digital data. The output of the A/D convertor 6 is fed to the decoder 7. The decoded 
data in the decoder 7 is sent to the error correction circuit 8. The error correction circuit 8 operates to correct any error 
in the data decoded by the decoder 7, and the output of the error correction circuit 8 is fed to the controller 14. Note 
that, the error correction circuit 8 detects and corrects an error, using an error detection/correction code, which is 
incorporated in the data decoded in the decoder 7 

30 [0086] The decoder 7 decodes data according to a PRML (Partial Response maximum Likelihood) method. The 
resulting information of this decoding is fed to the differential metric arithmetic circuit 9. The differential metric arithmetic 
circuit 9 operates in the same manner as the conventional example as already explained in connection with the prior 
art techniques. 

[0087] That is, the decoder 7 decodes the reproduced signal of the optical disk 1 by the Viterbi decoding. Here, the 
35 code is (1, 7) RLL with a minimum run length of 1 , and PR (1 , 2, 1) is used for the PRML method. As indicated in Table 
3 below, the state Sk of recording bit sequence bk at sample point k is SO, S1 , S2, or S3. 



[Table 3] 



STATE 


RECORDED BIT 


Sk 


bk - 1 


bk 


SO 


0 


0 


S1 


0 


1 


S2 


1 


1 


S3 


1 


0 



[0088] The state changes from one state to another according to the next recording bit. This transition of a state is 
called branching. Table 4 shows how the state changes according to the recording bit. As noted above, the code used 
here is (1 , 7) RLL with a minimum run length of 1 . That is, the minimum run length is restricted to 1 , which accounts 
for the six branches a, b, c, d, e, f. 
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[Table 41 



w 



15 



20 



25 



30 



35 





RECORDED BIT 


STATE 


EXPECTED VALUE 


No. 


bk- 2 


bk - 1 


bk 


Sk - 1 


Sk 


Yk 


a 


0 


0 


0 


SO 


SO 


- 1 .0 


b 


1 


0 


0 


S3 


SO 


- 0.5 


c 


0 


0 


1 


SO 


S1 


- 0.5 


d 


0 


1 


1 


S1 


S2 


0.5 


e 


1 


1 


1 


S2 


S2 


1.0 


f 


1 


1 


0 


S2 


S3 


0.5 



[00891 Table 4 contains expected value Yk, which indicates a reproduced signal level in an ideal waveform which 
contains no noise, because, in PR (1 , 2, 1 ), the reproduced signal level is determined by the 3-bit recording bit sequence. 
Here, the reproduced signal level of the ideal waveform has been normalized to have a minimum value of -1 and a 

maximum value of 1 . ■ 

[0090] Here, the decoder 7 in the PRML decoding process calculates the branch metric (Zk - VWf o\ each branch 

at sample point k. where 2k is the reproduced signal level at sample point k, and Yk is the expected value of the 

reproduced signal level. That is, the branch metric is the square of a difference between a reproduced signal level and 

its expected value, and therefore indicates a square error of the reproduced signal level with respect to the expected 

value. 

[0091] Further the branch metric is used to select a branch when two branches merge into one state. Branches that 
are continuous are called a path, and a sequence of selected branches is called a surviving path. 
[0092] Here when the accumulative value of branch metrics with respect to the surviving path in each state at sample 
point k - 1 is mk - 1 the accumulative value of branch metrics at sample point k is given by the sum of mk - 1 and the 
branch metric bmk at sample point k. The operations for obtaining the branch metric are carried out by the decoder 7. 
[00931 As described, since the branch metric indicates a square error, the accumulative value is the sum of errors. 
Therefore, the branches which are selected are those which would give a smaller value of mk - 1 + bmk. 
[0094] For example, the branches which enter the state SO at sample point k are branch a, which changes from SO 
to SO and branch b. which changes from S3 to SO, as Table 4 indicates. When the accumulative values of the branch 
metrics of branch a and branch b are mOk - 1 and m3k - 1 , respectively, and when their respective branch metrics are 
bmak and bmbk ; then the accumulative values m0k(a) and m0k(b) of branch metric a and branch metric b at sample 
point k are given by the following equations (1) and (2), respectively. 



m0k(a) = mOk - 1 + bmak 



(1) 



40 



m0k(b) = m3k - 1 + bmak 



(2) 



45 



[0095] The values of m0k(a) and m0k(b) are compared, and the branch which gives the smaller value is selected. 
[0096] Here : when the correct state at sample point k is SO, and when the correct transition is a, the equation 



Amk = m0K(b) - m0k(a) 



(3) 



is calculated, where Amk is called a differential metric. 
so [0097] When the correct state at sample point k is SO, and when the correct transition is b, the differential metric 
Amk becomes 



Amk = m0k(a) - m0k(b) 



(4). 



55 



[0098] That is, the differential metric arithmetic circuit 9 subtracts the accumulative value of the branch metric of the 
correct transition from the accumulative value of the branch metric of the incorrect transition, so as to determine a 
differential metric, which is a difference of likelihoods. 
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; [0099] In the present embodiment, the information of recording data sequence, which is required for ihe operations - 
in the differential metric arithmetic circuit 9, is supplied to the differential metric arithmetic circuit 9 from the recording 
data generator 15. The differential metric obtained in the differential metric arithmetic circuit 9 is fed to the comparator 
A1 0 and to the comparator B1 1 . 

s [01 00] The comparator A1 0 and the comparator B1 1 independently compare the differential metric with a predeter- 
mined threshold, and when the differential metric is at or below the threshold, outputs a single pulse. That is, the 
comparator A10 decides whether the differential metric is at or below a threshold SLA at each sample point, i.e., in 
response to the differentia! metric, and outputs a single pulse when the differential metric is at or below this threshold 
SLA. In the same manner, the comparator B11 outputs a single pulse when the differential metric is at or below a 

10 threshold SLB. 

[01 01 ] The comparator A1 0 and the comparator B1 1 are respectively connected to a counter A1 2 and a counter B1 3 , 
which receive the respective output pulses of the comparator A10 and the comparator B11 . That is, the counter A12 
counts the output of the comparator A1 0, and increases its counter value by the increment of 1 in response to every 
single output pulse of the comparator A1 0. Similarly, the counter B13 increases its counter value by the increment of 
15 1 in response to every single output pulse of the comparator B11 . 

[0102] In this manner the samples of differential metrics obtained in the differential metric arithmetic circuit 9, which 
are at or below the threshold SLA and SLB are accumulated in the counters A12 and A13, respectively. The number 
of samples accumulated in the counter A12 and the counter B13 are fed to the controller 14. 

[0103] The signal evaluation device of the present embodiment is adapted so that the number of samples accumu- 
20 lated in the counter A1 2 or counter B1 3 is processed by the controller 1 4 with software. A measurement sequence of 
the signal evaluation device is described below, referring to the flowchart of Fig. 2. 

[0104] First, the counter values of the counters A12 and B1 3 are cleared to 0 prior to the measurement, i.e., before 
reading out information from a predetermined area of the optical disk 1 and decoding it in the RF circuit 5, the A/D 
convenor 6, and the decoder 7 (S1 ). The counter values are cleared to 0 prior to the measurement to ensure that the 

25 sample numbers from the comparators A10 and B11 match the counter values of the counters A12 and B13. 

[0105] Note that, provided that sample numbers are obtained by the measurement, it is not necessarily required to 
reset the counter values to 0 prior to the measurement as in S1 of the present embodiment. For example, the counter 
values at the start of the measurement may instead be stored in memory means (not shown) in S1 and compared with 
the measured counter values after the measurement, so as to obtain sample numbers. 

30 [0106] Next, information in a predetermined area of the optical disk 1 is read out by the pick-up 4 to start decoding 
in the RF circuit 5, the A/D convertor 6, and the decoder 7 (S2). In decoding, as noted above, the reflected light of the 
optical disk 1 is detected by the detector 4 and fed to the decoder 7 via the A/D convertor 6. The data decoded in the 
decoder 7 is sent to the error correction circuit 8, and the output of the error correction circuit 8 is fed to the controller 
1 4. The resulting information of the decoding in the decoder 7 is also fed to the differential metric arithmetic circuit 9. 

35 [0107] Subsequent to S2, the measured sample number T is compared with a pre-set sample number M, which is 
a predetermined sample number of the measurement (S3). That is, it is decided whether the measured sample number 
T obtained by the decoding in S2 has reached the pre-set sample number M, i.e., whether T > M. If T < M (No in S3), 
the sequence returns to S2 to repeat decoding. If T > M (Yes in S3), the decoding is finished (S4). 
[0108] In this manner, the controller 14 in S3 decides whether the resulting sample number T of the decoding has 

40 reached the pre-set sample number M, and the decoding of S2 is repeated until the sample number T reaches the pre- 
set sample number M. 

[0109] Thereafter, the controller 1 4 reads out respective count results NA and NB of the counters A12 and B13 (S5), 
and divides these count results NA and NB by the product of the measured sample number T and a correction coefficient 
ko, so as to obtain probability RA of the differential metrics falling at or below the threshold SLA and probability RB of 

45 the differential metrics falling at or below the threshold SLB (S6). 

[01 10] The reason the measured sample number T is corrected in S6 by multiplying it with the correction coefficient 
ko of a suitable value is to calculate the number of samples contained in a distribution with the peak closest to 0 : among 
a plurality of peaks of the differential metric distribution. Without this correction, the count results NA and NB would be 
divided by the total number of samples which make up the plurality of peaks, and the probability without the correction 

so would become smallerthan the actual value to cause an error. However, in the present embodiment, by the correction, 
it is possible to obtain more accurate values of probability RA, which is the probability of differential metrics not more 
than the threshold SLA, and of probability RB, which is the probability of differential metrics not more than SLB, com- 
pared with the case without the correction. 

[0111] The correction coefficient ko of a suitable value used in the correction indicates a proportion of sample num- 
55 bers which are contained in a distribution with the peak closest to 0, with respect to the total number of measured 
samples. Further, the correction coefficient ko is adjusted to have a suitable value according to the mode of modulation 
used, since the correction coefficient ko takes different values depending on different modes of modulation. 
[01 12] The following describes probabilities RA and RB. As described above, with a limited run length, the differential 
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w 



15 



25 



30 



metrics show a distribution with a plurality of peaks, as shown in Fig. 3. Here, assuming that the distribution of differential 
metrics in a domain smaller than u. can be approximated to a normal distribution N (u., a 2 ), then RA and RB can be 
expressed by the following equations (6) and (7) 



RB = —F= — f e 2 " dt ■■■ (7) 

20 [0113] The equations have two unknowns u and o. Thus, these simultaneous equations can be solved for a and o 
to obtain their values (S7). 

[0114] The estimated value of BER can be determined by calculating the following equation (5) with the substituted 
values of \jl and o obtained in S7 (S8). 



1 J> --TZ2- 



BER = —7= — f e 2a dt •■• (5) 



[0115] The calculations of S7 and S8 are carried out by the controller 14. 

35 [01 16] As described above in detail, based on the calculated probabilities of differential metrics at or below the two 
thresholds, a distribution of differential metrics in a domain smaller than p is approximated to a normal distribution N 
(u,, a 2 ) and mean u. and standard deviation o of this distribution are determined to calculate BER. Using the BER as 
an index of signal evaluation, a signal can be evaluated to evaluate a recording medium such as an optical disk, or a 
recording medium driving device. 

40 [01 17] The present embodiment described the signal evaluation device which is provided with two comparators and 
two counters to obtain probabilities of differential metrics at or below two different thresholds. Alternatively, a single 
comparator of a variable threshold and a single counter may be used to measure the same measurement area twice 
with different thresholds. 

[0118] With the use of a single comparator of a variable threshold and a single counter, the device structure can be 
45 further simplified because only one comparator and only one counter are required. The tradeoff of this advantage is a 
longer measurement time, which is incurred by the measurement of the same measurement area twice with different 
thresholds. Thus, the number of comparators and the number of counters should be suitably chosen, taking into con- 
sideration device structure and measurement time. 

[0119] As described above, a signal evaluation device of the present invention finds probabilities of differential met- 
50 rics, which are differences of likelihoods, at or below two different thresholds, so as to determine an estimated value 
of BER based on these probabilities. Thus, counting means of a simple structure, including a comparator or comparators 
and a counter, together with arithmetic operation moans, can be used to realize an evaluation device for evaluating a 
recording medium or a recording medium driving device. 

[01 20] That is, a signal evaluation device for evaluating a recording medium or a recording mediunrTevaluation device, 
55 which is capable of evaluating a plurality of PR modes can be realized with a simple structure, because the device 
does not need to extract only the sequence that traces paths which form a distribution with the peak closest to 0. 
[0121] Further, the signal evaluation device of the present invention, which determines probabilities of differential 
metrics at or below two different thresholds so as to obtain an estimated value of BER, calculates the estimated value 
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of BER by a method which is not dependant on the PR modes. This enables the signal evaluation device- of the present 
invention to evaluate a recording medium or a recording medium driving device in any PR mode. That is, the single 
signal evaluation device can accommodate a plurality of PR modes for the evaluation. 

[0122] Note that, a first signal evaluation device, which is a signal evaluation device for a recording medium or a 
5 recording medium driving device of maximum likelihood decoding, may be adapted to have an arrangement including: 
subtracting means for finding a difference of likelihoods; first detecting means for detecting a probability that the dif- 
ference of likelihoods is at or below a first threshold value; second detecting means for detecting a probability that the 
difference of likelihoods is at or below a second threshold value; and arithmetic means for performing calculations on 
the results of detection by the first detecting means and the second detecting means so as to obtain an index of 
10 evaluation. 

[0123] Further, a second signal evaluation device, which is a signal evaluation device for a recording medium or a 
recording medium driving device of maximum likelihood decoding, may be adapted to have an arrangement including: 
subtracting means for finding a difference of likelihoods; detecting means for detecting a probability that the difference 
of likelihoods is at or below a threshold value; and arithmetic means for performing calculations on a first result of 
is detection using a first threshold value and on a second result of detection using a second threshold value so as to 
obtain an index of evaluation. 

[0124] Further, the first and second signal evaluation devices may include correction arithmetic means, as the de- 
tecting means, for multiplying the measured sample numbers by a correction coefficient, so as to find probabilities 
based on the corrected values. 

20 

[Second Embodiment] 

[0125] The following will describe another embodiment of the present invention with reference to Fig. 6, and Fig. 7 
(a) and Fig. 7(b). 

25 [0126] Fig. 6 shows a structure of a magneto-optical disk reproducing device as one application of the present in- 
vention. As shown in the drawing, the magneto-optical disk reproducing device of the present embodiment includes: 
a magneto-optical disk (recording medium) 21 ; a semiconductor laser (reproducing means) 22: a photo diode (repro- 
ducing means) 23; a reproducing clock extracting circuit (reproducing means) 24; an A/D convertor (reproducing 
means) 25; a path metric calculating circuit (path metric difference detecting means) 26; a Viterbi decoder (path metric 

30 difference detecting means) 27; a threshold register (path metric difference detecting means) 28; a comparator (relative 
frequency detecting means) 29; a counter (relative frequency detecting means) 30; a counter (relative frequency de- 
tecting means) 31 ; a divider (relative frequency detecting means) 32; and a controller (signal quality evaluating means, 
optimum reproducing power deciding means; optimum recording power deciding means) 33. 

[0127] The semiconductor laser 22, the photo diode 23, the reproducing clock extracting circuit 24, and the A/D 
35 convertor 25 serve as reproducing means of the present invention. The path metric calculating circuit 26 and the Viterbi 
decoder 27 serve as path metric difference detecting means of the present invention. The threshold register 28, the 
comparator 29, the counter 30, the counter 31 , and the divider 32 serve as relative frequency detecting means of the 
present invention, and the controller 33 serves as signal quality evaluating means of the present invention. 
[0128] The following explains reproducing operations of the magneto-optical disk reproducing device having the 
40 foregoing structure. 

[01 29] First, a light beam from the semiconductor laser 22 is projected on the magneto-optical disk 21 . The reflected 
light is converted to an electrical signal by the photo diode 23 and outputted therefrom as a reproduced signal. The 
reproduced signal, afterconverted into digital data by the A/D convertor 25, is fedto the path metric calculating circuit 26 . 
[0130] Note that, the A/D conversion is carried out at the timing of a clock which is extracted from the reproduced 
45 signal in the reproducing clock extracting circuit 24 of a PLL (Phase Locked Loop) structure. The path metric calculating 
circuit 26 performs calculations of path metrics as in the conventional example. 

[0131] That is, according to the equations (13) through (20) below, the branch metric, which is the square of a dif- 
ference between the digital data of the incoming reproduced signal and the ideal value of each branch of the trellis, is 
calculated and accumulated with respect to all branches making up the path. 
so [0132] The branch metrics are calculated from the following equations (13) through (16), and the path metrics are 
calculated from the following equations (17) through (20), 

Ba[t] = (X[t] + 1) 2 (13) 

55 

Bb[t] = Bc[t] = (Xffl + 0.5) 2 (14) 
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6d[t]=Be[t] = (X[t]-"0.5) 2 (15) 



Bf[t]=(X[t]-1) 2 (16) 



M(00)[t] = Min{M(00)[t-1] + Ba[t], M(10)[t-1] + Bb[t]} 

(Min{m,n} = m(if m < n); n(if m > n)) (1 7) 

M(01)[t] = M(00)[M] + Bc[t] (18) 

M(10)[t] = M(1 1)[t-1] + Bd[t] (19) 

M(11)[t] = Min{M(01)[t-1] + Be[t], M(11)[t-1] + Bf[t]} 

(Min{m,n} = m(if m < n); n(if m > n)) (20) 



25 



where X[t] is the sample level of the reproduced signal waveform at time t, Ba[t], Bb[t], Bc[t], Bd[t], Be[t], Bf[t] are the 
branch metrics of the branches a, b, c, d, e, f, respectively, at time t, and M(00)[t], M(01)[t], M(10)[t], M(11)[t] are the 
path metrics of the surviving paths of the slates S(00), S(01), S(10), and S(11) : respectively, at time t. The process of 
selecting a smaller path metric of M(00)[l] and M(11)[t] is the selection of a surviving path. 

[0133] By repeating the process of selecting a surviving path in response to input of a sample value of the reproduced 
signal waveform, the paths with larger path metrics are successively eliminated before the paths eventually converge 
into a single path. This path is regarded and used as the correct path to correctly reproduce the original data bit string. 

30 [0134] The path metric, which is calculated in response to every input of the digital data of the reproduced signal, is 
fed to the Viterbi decoder 27. In the Viterbi decoder 27, the path which has produced the smallest path metric is finally 
chosen as a surviving path and a decoded bit sequence is obtained. The decoded bit sequence is fed to the path metric 
calculating circuit 26 and referred to therein to find a correct state. Thus, according to the expressions (21) through 
(24) below, the path metric calculating circuit 26 determines a SAM value, which is a path metric difference AM of two 

55 paths entering the correct state. 

[0135] When the correct bit string is ...000, 



40 



45 



AM = (M(01)[t-1] + Bb[t]) - (M(00)[M] + Ba[t]) > 0 (21). 
[0136] When the correct bit string is ...100, 

AM = (M(00)[t-1] + Ba[t]) - (M(01)[M] + Bb[t]) > 0 (22). 
[0137] When the correct bit string is ...011 , 

AM = (M(11)[t-1) + Bf[t]) - (M(01)[M] + Be[t]) > 0 (23). 

50 

[0138] When the correct bit string is ...111 , 

AM = (M(0t)[t-1] + Bert]) - (M(1 1)[t-1] + Bf[t]) > 0 (24). 

55 

[0139] Also, when the correct bit string is ...001 or ...110, AM is always greater than 0 because the selection of a 
surviving path never fails in this case. 
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[G140J The processes described thus tarare e^^ However, the present 

invention does not require the conventional requirement of calculating SAM values by choosing only the bit patterns 
with the SAM ideal value of 1 .5. 

[0141] The SAM value which is outputted as a path metric difference AM from the path metric calculating circuit 26 
5 is sent to the comparator 29 and compared therein with a predetermined threshold SL stored in the threshold register 
28. The comparator 29 outputs a single pulse when AM < SL, i.e., when the SAM value is at or below the predetermined 
threshold value. The pulse is inputted to the counter 30, and therefore the output of the counter 30 indicates the number 
of SAM values at or below the predetermined threshold value. 

[0142] The output clock from the reproducing clock extracting circuit 24 is also inputted to the counter 31 . One clock 
10 corresponds to 1 bit of the reproduced signal, and accordingly the output of the counter 31 indicates the total number 
of bits of the reproduced signal. Therefore, the calculation result of the divider 32, i.e., the result of the division of the 
output of the counter 30 by the output of the counter 31 , indicates a relative frequency (a fraction with respect to all 
frequencies) in a domain of the SAM frequency distribution at or below the predetermined threshold SL. The controller 
33, which is realized by a CPU and the like, can evaluate a quality of the reproduced signal based on this relative 
is frequency. 

[0143] The reason the relative frequency corresponds to a signal quality is described below with reference to Fig. 7 
(a) and Fig. 7(b). Fig . 7(a) and Fig. 7(b) are graphs of SAM frequency distribution which were obtained in the reproducing 
device with respect to reproduced signais of the same bit number, where the horizontal axis indicates SAM value and 
the vertical axis indicates frequency. Fig. 7(a) indicates a good signal quality condition, and Fig. 7(b) indicates a bad 
20 signal quality condition. 

[0144] As is clear from Fig. 7(a) and Fig. 7(b), when the signal quality is good, i.e., when the noise is small, the 
spread of the distribution is small and accordingly the relative frequency of the domain at or below the predetermined 
threshold SL, as indicated by the oblique lines in Fig. 7(a), is small. On the other hand, when the signal quality is bad, 
i.e., when the noise is large, the spread of the distribution is large and accordingly the relative frequency of the domain 
25 at or below the predetermined threshold SL, as indicated by the oblique lines in Fig. 7(b), is large. That is to say, the 
relative frequency in a domain at or below the threshold SL indicates the spread of the distribution, i.e., the size of a 
noise, and therefore the relative frequency corresponds to a signal quality. 

[0145] Incidentally, in order to accurately determine SAM values, a correct bit string (recorded data pattern) must be 
known. In the descriptions of the foregoing embodiments, the correct bit string that is required to find SAM values is 
30 obtained from the result of Viterbi decoding. However, strictly speaking, the result of Viterbi decoding does not exactly 
match the correct bit string, because the result of Viterbi decoding contains a decoding error. 

[0146] The influence of decoding error, however, is only minute because the bit error rate under evaluation is only 
around 1 E - 3 at most. Further, the influence on the SAM relative frequency can be eliminated almost completely by 
suitably setting the threshold for the reasons described below. 
35 [0147] When there is a decoding error, the SAM values AM are obtained from the expressions (21 ) through (24) with 
the reversed sign. That is, when there is a decoding error, AM < 0 and the SAM values are obtained as -AM because 
the incorrect paths are regarded as the correct paths. (In other words : SAM is always equal to or greater than 0 since 
the results of decoding are regarded as correct.) 

[0148] However, under normal conditions, an error occurs when the skirt of the normal distribution with the SAM 
40 ideal value 1 .5 becomes 0 or smaller. Thus, the absolute value ISAMI does not become too large even when SAM < 
0. That is, for the majority of the SAM values corresponding to the bit error rate, SAM < predetermined threshold SL, 
and accordingly the SAM relative frequency, which is the result of integration of the area at or below SL in the SAM 
frequency distribution, is hardly affected. 

[0149] That is, the influence is minimal even when SAM relative frequency is calculated using the result of Viterbi 
45 decoding. However, when more accurate evaluations are needed or when evaluations involve a significantly poor bit 
error rate, the SAM values may be calculated by referring to pre-stored data patterns to evaluate a signal quality. 
[0150] As described above, the foregoing magneto-optical disk reproducing device can calculate SAM values without 
the conventional complex structure of selecting only those bit patterns whose SAM values take predetermined ideal 
values. Thus, the magneto-optical disk reproducing device can detect a reproduced signal quality both easily and 
50 accurately only with a simple circuit including a comparator and a counter. 

[0151] Note that, the present embodiment described the case where a reproduced signal quality is detected based 
on the relative frequency in a domain of a SAM frequency distribution at or below the predetermined threshold SL. 
However, the present invention is not just limited to this and can also detect a reproduced signal quality, for example, 
based on the relative frequency in a domain of a SAM frequency distribution between tb_e second threshold SL2 and 
55 the threshold SL, inclusive, where the second threshold SL2 is smaller than the threshold SL. 
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[Third Embodiment] 

[0152] The following will describe yet another embodiment of the present invention with reference to Fig. 8 through 
Fig. 10. Note that, in the present embodiment, constituting elements having the same reference numerals as those 
5 already described in the foregoing Second Embodiment are given the same reference numerals and explanations 
thereof are omitted here. 

[0153] Fig. 8 shows a structure of a magneto-optical disk reproducing device as one application of the present in- 
vention. Fig. 9 is a flow chart which explains test read operations of this reproducing device. 

[0154] The magneto-optical disk reproducing device of the present embodiment, as with the Second Embodiment, 
10 includes: a magneto-optical disk 21 ; a semiconductor laser 22; a photo diode 23; a reproducing clock extracting circuit 
24; an A/D convertor25; a path metric calculating circuit 26; a Viterbi decoder 27; athreshold register28; a comparator 
29; a counter 30; a counter 31 ; a divider 32; and a controller 33. The present embodiment further includes a laser 
power control circuit (reproducing power varying means, recording power varying means) 34 for controlling a driving 
current of the semiconductor laser 22. 
is [0155] The laser power control circuit 34 serves as reproducing power varying means of the present invention, and 
the controller 33 serves as optimum reproducing power deciding means of the present invention. 
[0156] The following explains test read operations of the magneto-optical disk reproducing device having the fore- 
going structure. 

[0157] The controller 33 in S1 0 initializes the driving current of the semiconductor laser 22 to a predetermined initial 

20 value via the laser power control circuit 34. The semiconductor laser 22 projects light on the magneto-optical disk 21 
at the initialized reproducing power, and the reflected light is read out into digital data through the photo diode 23 and 
the A/D convenor 25 (S11). The path metric calculating circuit 26 determines a frequency distribution of SAM values, 
and the divider 32 outputs a relative frequency of a domain at or below a predetermined threshold SL (S12). The 
foregoing reproducing operations are as already described in the Second Embodiment. 

25 [0158] The controller 33 in S10 stores the SAM relative frequency in relation to the reproducing power. In S14, the 
reproducing power is increased by a predetermined increment, so as to judge whether the reproducing power has 
exceeded the upper power limit of the test (S15). If No in S15, the sequence of S11 through S14 is repeated. 
[0159] As a result, a table of SAM relative frequencies with respect to a plurality of reproducing power levels of 
predetermined steps is prepared and stored. When the reproducing power exceeds the test range in S1 5. the controller 

30 13 in S16 finds a reproducing power range in which the SAM relative frequency is smaller than a predetermined ref- 
erence value. Finally, in S1 7 ; the median of the reproducing power range is decided as the optimum reproducing power. 
[01 60] Fig. 1 0 is a graph which shows a result of measurement on SAM relative frequency at each reproducing power 
according to the foregoing read operations. Here, the threshold SL used to find SAM relative frequency is 0.5 : and the 
test range of reproducing power is stepwise from PrO to Pr8. The graph also shows a plot of bit error rate, as indicated 

35 by the dotted line, measured at the same reproducing power as the corresponding SAM relative frequency indicated 
by the solid line. It should be noted here that, in order to reduce measurement error, the measurement result of bit 
error rate is based on the number of bits which is greater by 1 0 fold than that used to find the SAM relative frequency. 
[01 61 ] It can be seen from the result shown in the graph of Fig. 1 0 thatthe SAM relative frequency gradually decreases 
as the reproducing power is increased stepwise from the initial value PrO, and gradually increases from Pr4. It can also 

40 be seen that this change corresponds to the bit error rate. That is, it can be said that the SAM relative frequency 
represents a signal quality which accurately corresponds to the bit error rate. 

[0162] Therefore, when the reference value of SAM relative frequency is, for example, 0.005, the reproducing power 
range under this reference value is from PrL to PrH. The median (PrL + PrH/2) of this range is chosen as the optimum 
reproducing power (reproducing power shown in solid arrow in Fig. 10). This is extremely close to the central power 
45 (reproducing power shown in dotted arrow in Fig. 1 0) which was obtained with the bit error rate reference value of 1 E 
- 4. This makes it possible to prevent the bit error rate from becoming detrimental in response to fluctuations of the 
oplimum reproducing power due to a skew or temperature fluctuations of the disk. 

[0163] As described, for the evaluation, the foregoing magneto-optical disk reproducing device uses SAM relative 
frequency, which accurately corresponds to the bit error rate, and therefore requires much less number of measurement 
so bits than the measurement of bit error rate. As a result, optimum reproducing power can be accurately found with a 
simple circuit structure. 

[0164] In particular, in test read operations in which the bit error rate is directly evaluated, the measurement would 
require a number of bits of about one track rotation at each reproducing power. This means that the time required for 
the test read operations is the product of the number different reproducing power levels of the test range multiplied by 
55 the time required for the disk to rotate. On the other hand, in the test read operations using SAM relative frequency, 
the reproducing power can be varied on a sector basis with respect to a plurality of sectors in a track. This means that 
the test read operations can be finished in one rotation of the disk, requiring much less time for the evaluation. 
[0165] Note that, the foregoing described the case where the median of the reproducing power range in which the 
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SAM relative frequency is smaller than the predetermined reference value is chosen as the optimum reproducing - 
power. However, the optimum reproducing power may be simply a reproducing power that gives the smallest SAM 
relative frequency. For example, in Fig. 1 0, Pr4 may be used as the optimum reproducing power. 

5 [Fourth Embodiment] 

[0166] The following will describe yet another embodiment of the present invention with reference to Fig. 11 through 
Fig. 16(f). Note that, in the present embodiment; constituting elements having the same reference numerals as those 
already described in the foregoing Second Embodiment are given the same reference numerals and explanations 
10 thereof are omitted here. 

[0167] Fig. 11 shows a structure of a magneto-optical disk recording and reproducing device as one application of 
the present invention. Fig. 12 is a flow chart which explains test write operations of this recording and reproducing 
device. 

[0168] The magneto-optical disk recording and reproducing device of the present embodiment, as with the Second 
is Embodiment, includes: a magneto-optical disk 21 ; a semiconductor laser 22; a photo diode 23; a reproducing clock 

extracting circuit 24; an A/D convenor 25; a path metric calculating circuit 26; a Viterbi decoder 27; a threshold register 

28; a comparator 29; a counter 30; a counter 31 ; a divider 32; and a controller 33. The present embodiment further 

includes a laser power control circuit 34 for controlling a driving current of the semiconductor laser 22, a test pattern 

generator (recording means) 35, and a magnetic head (recording means) 36. 
20 [0169] The laser power control circuit 34 serves as recording power varying means of the present invention. The 

test pattern generator 34 and the magnetic head 36 serve as recording means of the present invention. The controller 

33 serves as optimum reproducing power deciding means of the present invention. 

[0170] The following explains test write operations of the magneto-optical disk recording and reproducing device 
having the foregoing structure. 

25 [0171] The controller 33 in S20 initializes the driving current of the semiconductor laser 22 to a predetermined initial 
value via the laser power control circuit 34. The semiconductor laser 22 projects light on the magneto-optical disk 21 
at the initialized recording power, and at the same time the magnetic head 36 is driven by a test pattern outputted from 
the test pattern generator 35. In response, the test pattern is magneto-optically recorded in the magneto-optical disk 
21 (S21). 

30 [0172] Here, because the optimum recording power can be found more accurately by taking into consideration the 
influence of crosswrite or crosstalk from adjacent tracks, it is preferable to record another test pattern on adjacent 
tracks of the test track in which the test pattern is recorded. 

[01 73] In S22, the recording power is increased by a predetermined increment, so as to judge whether the recording 
power has exceeded the upper power limit of the test (S23). If No in S23, the sequence of S21 through S22 is repeated. 

35 As a result, test patterns of different recording power levels are recorded 

[0174] When the recording power exceeds the test range in S23, the laser power control circuit 34 returns the driving 
current of the semiconductor laser 22 to a reproducing power of an appropriate level, and the test pattern of each 
recording power is read out from the magneto-optical disk 21 into digital data via the photo diode 23 and the A/D 
convenor 25 (S24). In the subsequent step S25, the path metric calculating circuit 26 finds a frequency distribution of 

40 SAM values, and the divider 32 outputs the relative frequency of a domain at or below a predetermined threshold SL. 
This reproducing operation is the same as that described in the Second Embodiment. 

[0175] The controller 33 in S26 stores the SAM relative frequency in relation to the recording power, and in S27 
judges whether the teat patterns of all recording power levels have been reproduced. If there are remaining test patterns, 
the sequence of S24 through S26 is repeated. As a result, a table of SAM relative frequencies with respect to a plurality 
45 of recording power levels of predetermined steps is prepared and stored. 

[0176] When all the test patterns have been reproduced in S27, the controller 33 in S28 finds a recording power 
range in which the SAM relative frequency is smaller than a predetermined reference value. Finally, in S29, the median 
of this recording power range is chosen as the optimum recording power. 

[0177] Fig. 13 is a graph which shows a result of measurement on SAM relative frequency at each recording power 
50 according to the foregoing recording operations. Here, the threshold SL used to find SAM relative frequency is 0.5, 
and the test range of recording power is stepwise from PwO to Pw6. 

[0178] The graph also shows a plot of bit error rate, as indicated by the dotted line, measured at the same recording 
power as the corresponding SAM relative frequency indicated by the solid line. It should be noted here that, in order 
to reduce measurement error, the measurement result of bit error rate is based on the number of bits which is greater 
55 by 1 0 fold than that used to find the SAM relative frequency, as in the Third Embodiment. 

[01 79] It can be seen from the result shown in the graph of Fig. 1 3 thatthe SAM relative frequency gradually decreases 
as the recording power is increased stepwise from the initial value, and gradually increases from Pw4. It can also be 
seen that this change corresponds to the bit error rate. That is, it can be said that the SAM relative frequency represents 
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a signal quality which accurately corresponds to the bit error rate. 

[01 80] Therefore, when the reference value of SAM relative frequency is, for example, 0.01 4, the reproducing power 
range under this reference value is from PwL to PwH. The median (PwL + PwH/2) of this range is chosen as the 
optimum recording power (recording power shown in solid arrow in Fig. 13). This is extremely close to the central power 
s (recording power shown in dotted arrow in Fig. 13) which was obtained with the bit error rate reference value of 1 E - 
3. This makes it possible to prevent the bit error rate from becoming detrimental in response to fluctuations of the 
optimum recording power due to a skew or temperature fluctuations of the disk. 

[0181] As described, for the evaluation, the foregoing magneto-optical disk recording and reproducing device uses 
SAM relative frequency which accurately corresponds to the bit error rate, and therefore requires much less number 
10 of measurement bits than the measurement of the bit error rate. As a result, optimum recording power can be accurately 
found with a simple circuit structure. 

[0182] In particular, in test write operations in which the bit error rate is directly evaluated, the measurement would 
require a number of bits of about one track rotation at each recording power. This means that recording and reproducing 
must be repeated every time the recording power is varied, which would require four rotations of the disk (three for 
is recording, and one for reproducing), i.e., four times the number of recording power levels. As a result, the test write 
operations take a remarkably long time. 

[0183] On the other hand, the test write operations using SAM relative frequency can accurately evaluate a signal 
quality with less number of measurement bits. For example, the test write operations can be finished in a much shorter 
period of time when the recording power is varied on a sector basis with respect to a plurality of sectors in one track, 

20 because in this case only one round of recording and one round of reproducing, i.e., four rotations will be required. 

[01 84] Note that, the foregoing described the case where the median of the recording power range in which the SAM 
relative frequency is smaller than the predetermined reference value is chosen as the optimum recording power. How- 
ever, the optimum recording power may be simply a recording power that gives the smallest SAM relative frequency. 
For example, in Fig. 13, Pw3 may be used as the optimum recording power. 

25 [0185] Further, in the foregoing Second and Third Embodiments, the reproducing power or recording power is opti- 
mized based on SAM relative frequency. However the present invention is not just limited to this and the foregoing 
effect can also be obtained by additionally optimizing other parameters which might cause deterioration of reproduced 
signal quality, based on SAM relative frequency. 

[0186] It is well-known that a reproduced signal quality varies according to a servo offset state, for example, such 
30 as tracking servo or focusing servo (Y. Tanaka, Evaluation of a 120 mm sized Magneto-Optical Disk System of over 6 
GB Capacity; Japanese Journal of applied Physics, Vol. 37 ; No. 4B ; 1998, pp. 2150-2154) (An Application of Viterbi 
Decoding to PR (1 , 2, 1) Magneto-Optical Recoding Channel, Fujimoto et al.; Proceedings of the 5 th Sony Research 
Forum, 1995, pp. 465- 469). 

[0187] Therefore, by optimizing the servo offset based on SAM relative frequency to improve the reproduced signal 
35 quality, the reproduced signal quality can be evaluated more accurately with less number of measurement bits and 
with a simpler circuit structure. As a result, optimization of the servo offset can be carried out more accurately and in 
a much shorter period of time. 

[0188] It is also known that a reproduced signal quality varies according to the equalizing coefficient used for the 
equalization of waveforms of a reproduced signal. (An Application of Viterbi Decoding to PR (1 , 2, 1) Magneto-Optical 

40 Recoding Channel, Fujimoto et al.; Proceedings of the 5 th Sony Research Forum, 1995, pp. 465 - 469) 

[01 89] Therefore, by optimizing the equalizing coefficient of waveform equalization based on SAM relative frequency 
to improve the reproduced signal quality, the reproduced signal quality can be evaluated more accurately with less 
number of measurement bits and with a simpler circuit structure. As a result, optimization of the equalizing coefficient 
can be carried out more accurately and in a much shorter period of time. 

45 [01 90] It is also known that a reproduced signal quality deteriorates by a tilt of the recording medium. (An Application 
of Viterbi Decoding to PR (1, 2, 1) Magneto-Optical Recoding Channel, Fujimoto et al.; Proceedings of the 5 th Sony 
Research Forum, 1995, pp. 465 - 469) 

[0191] Therefore, by correcting a tilt of the recording medium based on SAM relative frequency to improve the re- 
produced signal quality, the reproduced signal quality can be evaluated more accurately with less number of meas- 
50 urement bits and with a simple circuit structure. As a result, a tilt of the recording medium can be corrected more 
accurately and in a much shorter period of time. 

[0192] Note that, the foregoing optimization based on SAM relative frequency according to the present invention is 
equally effective for other parameters, such as the light pulse waveform control of a light beam, known as write strategy, 
used in optical disk devices with a phase-change medium, or aligning of various optical components, which might 
55 cause deterioration of a reproduced signal quality. 

[0193] The following considers the predetermined reference values used in the Second and Third Embodiments. 
[0194] As explained in connection with the prior art with reference to Fig. 20(a) and Fig. 20(b), the frequency distri- 
bution of SAM values has a distribution pattern with a combination of different distributions because a plurality of SAM 
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ideal values are found with variations by the influence of anoise/ Each distribution can be approximated to a normal 
distribution if the noise is a white noise or close to a white noise. Therefore, a portion of the SAM distribution smaller 
than the minimum SAM ideal value of 1 .5 can be nearly approximated to a normal distribution with the mode u, close 
to 1.5. 

[0195] Here : the standard deviation o, which indicates a variance of the approximated normal distribution, corre- 
sponds one to one to the bit error rate, which relationship is represented by the following equation (25) 



BER-Kx-p L-f exp{-(x-/i) 2 /2cr 2 }A 



(25) 



[0196] Fig. 14 is a graph of a frequency distribution of actual SAM values measured from an actual optical disk 
reproducing device (shown in solid line), superimposed on a normal distribution with the standard deviation a corre- 
sponding to the bit error rate (shown in dotted line). 

[0197] The last part on the right-hand-side of equation (25) is known in statistics as a distribution function which is 
determined by integrating a probability density function of a normal distribution, and it indicates the relative frequency 
in a domain not more than 0 in a normal distribution with the mode u, and standard deviation a. 

[0198] Further, since the error bit occurs when SAM < 0 in principle, it can be said that the bit error rate is equal to 
a proportion of the domain not more than 0 with respect to all frequencies of the frequency distribution of SAM values. 
Therefore, the relative frequency in the domain not more than 0 in the normal distribution, multiplied by constant K of 
modulus transformation, coincides with the bit error rate. More specifically, constant K is obtained from 



K = n/N 



where N is the total frequencies of the frequency distribution of SAM values, and n is the number of patterns which 
give the smallest SAM ideal value, i.e., the SAM- ideal value of 1 .5 (a distribution which is created only with the SAM 
values of such patterns is approximated to a normal distribution with the mode of about 1 .5). 

[0199] Note that, when the mode of modulation has a code with a limited run length d = 1 , for example, such as (1 , 
7) RLL. the patterns which would give the SAM ideal value of 1 .5 can be specified by probing all paths and finding 
therefrom patterns which would give the numerical value of 1.5 for the square of Euclid distance between a correct 
path and an incorrect path. 

[0200] Specifically, there are four such patterns: "00111"; "00011"; "11000"; and "11100". Thus, when the code has 
a limited run length d = 1 , a specific value of constant K can be accurately obtained by finding the probability of occur- 
rence of the four patterns from the modulated patterns of random data, or by directly detecting the probability of oc- 
currence of the four patterns from the bit string decoded by the reproducing device. 

[0201] The foregoing effect can also be obtained by a method other than finding the number n of patterns with the 
SAM ideal value of 1 .5. In this case, there is provided another means for detecting a frequency which falls in a domain 
of not more than mode u in the SAM frequency distribution, and the numerical value two times this frequency is used 
as n to find constant K. This is possible because the domain of the SAM frequency distribution not more than mode u. 
can be approximated to a normal distribution with the mode of about 1 .5, and therefore the frequency in this domain 
multiplied by two substantially coincides with the frequency n of the normal distribution. 

[0202] In this way } constant K can be accurately obtained with a simple structure without involving the complex 
procedure of detecting the occurrence of the four patterns based on the decoded bit string, even when the data patterns 
used to find SAM are not random patterns but unique patterns, i.e. , when the occurrence of the four patterns determined 
from the random patterns is widely different from the actual occurrence. 

[0203] The standard deviation a determined from equation (25) is equivalent to the bit error rate. Therefore : this 
standard deviation o can be used in the equation (12) below to find the relative frequency in the domain at or below 
the arbitrary threshold SL in the SAM frequency distribution, with respect to a reproduced signal of a quality equivalent 
to the bit error rate of concern. 



(n/N) x r* exp{ " (x - OX l2a M - ••• < 12 > 
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[0204] For example, when the bit error rate of the reproducing device cannot exceed 1 E - 4 due to its error correction 
capability, the optimum reproducing power or optimum recording power determined by the test read operations or test 
write operations is preferably obtained as the median of the power range with the bit error rate of not more than 1 E - 
4 Thus, the test read operations and test write operations can be carried out with high reliability when the corresponding 
5 SAM relative frequency is determined from equations (25) and (1 2) with the bit error rate BER = 1 E - 4, and using this 
SAM relative frequency as a reference value to obtain the power ranges of the Second Embodiment and the Third 

Embodiment. ^ _ 

[0205] The following considers the predetermined thresholds SL used in the Second and Third Embodiments. 
[0206] The foregoing description is based on the assumption that the distribution of the domain at or below the 
10 minimum value 1 .5 of the SAM ideal values can be nearly approximated to a normal distribution with the mode u, close 
to 1.5. 

[0207] However, as Fig. 14 indicates, while this assumption is valid in a domain close to 0, the approximation starts 
to fail as the SAM value becomes larger from 0 and approaches the distribution of the SAM ideal value = 2.5. This 
means that the error in the calculations of SAM relative frequency in equations (25) and (1 2) becomes larger when the 

15 predetermined threshold SL exceeds a certain value. 

[0208] Fig. 15(a) through Fig. 15(f) are graphs based on the measurement result of Fig. 13, showing relationships 
between SAM relative frequency (vertical axis) and bit error rate (horizontal axis) when the threshold SL is varied. In 
the graphs, the bit error rate is plotted against each value of the SAM relative frequency which was measured at various 
recording power levels. Further, indicated by the dotted lines is a theoretical relationship between the SAM relative 

20 frequency which is determined from equations (25) and (12), and the bit error rate. 

[0209] It can be seen from the graphs that the measurement results exactly coincide with the calculation results 
when the threshold SL is close to 0, but an error is incurred between these two results as the threshold SL is increased. 
The error, which is small when SL < 0.6, becomes larger when SL > 0.7. Thus, the error can be suppressed by setting 
the threshold SL to 0.6 or less. 

25 [0210] While this is true, a threshold SL that is too small results in a deficient number of SAM values in the domain 
of not more than the threshold SL in the SAM frequency distribution. As a result, the influence of defect becomes more 
prominent, as it is for the bit error rate. 

[0211] Fig. 16(a) through Fig. 16(f) are graphs which show relationships between SAM relative frequency and bit 
error rate in the presence of a defect which makes up about 0.1 percent of the total number of bits. Fig. 16(a) through 

30 Fig. 16(f) have the same meaning as Fig. 15(a) through Fig. 15(f) and use the same measurement results as those 
used in Fig. 15(a) through Fig. 15(f). It can be seen from the graphs of Fig. 16(a) through Fig. 16(f) that the error 
between the measurement results and the calculation results becomes larger as the threshold SL approaches 0. 
[0212] Generally, the bit error rate of the reproducing device cannot exceed 1 E - 3 at most due to its error correction 
capability, and accordingly the reference value of a reproduced signal quality used in the test read operations or test 

35 write operations is also at or below 1 E - 3. It is therefore required at least in this range that the error in the relationship 
of SAM relative frequency and bit error rate is suppressed at low level. 

[0213] As can be seen from Fig. 16(a) through Fig. 1 6(f), the error with the bit error rate of 1 E - 3 or less is small 
when SL > 0.4 but starts to increase as the threshold SL approaches and becomes smaller than 0.3. Thus, the influence 
of defect can be suppressed with a threshold SL of 0.4 or greater. 
40 [0214] According to this assessment, a preferable range of threshold SL is 0.4 < SL < 0.6. It should be noted here 
that the values in this range are applicable only under normalized conditions in which ideal sample levels of PR (1 , 2, 
1) characteristics are normalized to -1 , -0.5, 0, +0.5, +1 in the calculations of SAM values. 

[0215] When impulse response (a, 2a, a) is used to specify PR characteristics, the ideal sample levels generally 
becomes 0, a, 2a, 3a, 4a. In this case, the value which corresponds to the SAM ideal value of 1 .5 is obtained by 
45 calculating the square of Euclid distance of ideal waveforms of pattern "00011" and pattern "00111". 

[0216] The ideal waveform of pattern "00011" is (0, a, 3a), and the ideal waveform of pattern "001 11" is (a, 3a, 4a). 
Hence, the Euclid distance becomes 



so 



(a - 0) 2 + (3a - a) 2 + (4a - 3a) 2 = 6a 2 . 



[0217] This can be used for the conversion of threshold SL. For example, SL = 0.4 is converted as follows: 6a 2 x 
(0.4/1.5) = 1 .6a 2 , and SL = 0.6 is converted as follows: 6a 2 x (0.6/1 .5) = 2.4a 2 . That is, with the range 1 .6a 2 < SL < 
2.4a 2 , the error due to a deviation of the SAM frequency distribution from the normal distribution can be suppressed 
55 at the same time as the influence of defect, thereby realizing accurate test read operations and accurate test write 
operations. 
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[Fifth Embodiment] - . 

[0218] The following will describe yet another embodiment with reference to Fig. 17. 

[0219] The calculations of the foregoing equations with the fixed value \x. = 1.5 do not posed any problem because 
5 the mode u, coincides with the SAM ideal value when the noise is a white noise. In actual practice : however, the mode 
fluctuates by the influence of a colored noise. The reproducing device of the Second Embodiment is therefore provided 
with an additional structure which directly detects the mode of the SAM frequency distribution within the device. The 
mode detected in this way can be used in equations (25) and (12) to more accurately find the reference value. Fig. 17 
shows the structure. 

10 [0220] In Fig. 1 7, the path metric calculating circuit 26 and the controller 33 are as already described in the Second 
Embodiment. The other structure as already described in the Second Embodiment is not shown. The present embod- 
iment is further provided with: a plurality of comparators, including a comparator (mode detecting means) 37 for de- 
tecting a range of not less than SO and less than S1 ; a comparator (mode detecting means) 38 for detecting a range 
of not less than SO and less than S1 ; and up to a comparator (mode detecting means) 39 for detecting a range of not 

15 (ess than Sk - 1 and less than Sk; a plurality of counters, including a counter (mode detecting means) 40, a counter 
(mode detecting means) 41 , and up to a counter (mode detecting means) 42; and a maximum value detector (mode 
detecting means) 43. These members all serve as mode detecting means of the present invention. Note that, SO, 
S1 , Sk are a numerical sequence of equal interval. 

[0221] Reproducing a magneto-optical disk 1 (not shown, see Fig. 6) in the reproducing device initiates the path 
20 metric calculating circuit 26 to calculate and output a path metric difference AM according to the procedure as already 
described in the Second Embodiment. The path metric difference AM is simultaneously inputted to the comparator 37, 
the comparator 3B, and the comparator 39 to decide whether AM falls in which range of the comparators. 
[0222] The counter in receipt of the output of the comparator which has AM within its range is incremented. For 
example, when S1 < AM <S2, the counter 41 , in receipt of the output of the comparator 38, is incremented. By repeating 
25 this procedure, the number of AM in each range of the SAM frequency distribution is successively counted. 

[0223] When the calculation of path metric difference AM is finished with respect to all measurement bits under 
observation , the maximum value detector 43 selects the maximum value from the outputs of the counter 20, the counter 
21 , .... and the counter 22, and outputs the median of the corresponding range as the mode jj.. 

[0224] For example, when the output of the counter 21 has the maximum value, u = (S1 -+- S2)/2. The controller 33 
30 performs calculations based on equations (14) and (15) using the input mode u., so as to obtain the reference value of 
the SAM relative frequency. 

[0225] The reference value of the SAM relative frequency is decided in this manner based on the mode which is 
detected in real time. This makes it possible to always find a more accurate reference value according to a noise- 
dependent-change of mode. 

35 [0226] Note that, the foregoing description of the present embodiment is based on the (1 , 7) RLL code with a limited 
run length d = 1 . However the present invention is not limited in any ways by this example. 

[0227] Further, the foregoing described the magneto-optical disk reproducing device as an example of the reproduc- 
ing device. However the present invention is not just limited to this and is equally effective in all kinds of devices which 
reproduce signals according to the PRML method. That is, the present invention is applicable to a wide variety of 
40 devices such as optical disk devices with a phase-change medium, magnetic recording devices, and communication 
data receiving devices. 

[Sixth Embodiment] 

45 [0228] Fig. 21 shows a structure of a magneto-optical disk reproducing device using a signal evaluation device and 
a signal evaluation method according to yet another embodiment of the present invention. 

[0229] As shown in Fig. 21, the magneto-optical disk reproducing device includes: a magneto-optical disk 51 as a 
recording medium; an optical pick up 52 as reproducing means; a SAM calculating circuit 53 as path metric difference 
detecting means; threshold registers 54 and 57; comparators 55 and 58; counters 56 and 59; a look-up table 60; and 
so a controller 61 . The threshold register 54, the comparator 55, and the counter 56 make up first relative frequency 
detecting means. The second threshold register 57, the comparator 58, and the counter 59 make up second relative 
frequency detecting means. The look-up table 60 and the controller 61 make up signal evaluation means. 
[0230] The following described reproducing operations of the magneto-optical disk reproducing device having the 
foregoing structure. 

55 [0231] First, the optical pick up 52 projects a light beam on the magneto-optical disk 51 . The reflected light returns 
to the optical pick up 52 and is converted therein into an electrical signal which is outputted as a reproduced signal. 
The reproduced signal is fed to the SAM calculating circuit 53 and the SAM calculating circuit 53 calculates a path 
metric difference. That is, a path metric difference is determined from the expressions (13) through (16), and (17) 
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through (20). 

[0232] The path metric difference, i.e., SAM value AM, outputted from the SAM calculating circuit 53 is fed to the 
comparator 55 and compared therein with a predetermined threshold SL1 stored in the threshold register 54. The 
comparator 55 outputs one pulse when AM < SL1, i.e., when the SAM value is at or below the threshold SL1. The 
5 output pulse is inputted to the counter 56, and therefore the output R1 of the counter 56 indicates the number of SAM 
values at or below the threshold SL1 (first relative frequency). Assuming that the total number of bits used to calculate 
SAM values is fixed, it can be said that the number R1 of SAM values is equivalent to relative frequency R1 * (proportion 
with respect to all frequencies) of a frequency distribution of the SAM values. 

[0233] The SAM value AM is also fed to the comparator 58 and compared therein with a predetermined threshold 
io SL2 stored in the threshold register 57 (SL2 < SL1). As with the counter 58, the counter 59 outputs the number R2 
(second relative frequency) of SAM values, which is equivalent to relative frequency R2* of the frequency distribution 
of the SAM values in a domain at or below the threshold SL2. These values of R1 and R2 of the SAM values are used 
by the controller 61 which evaluates a quality of the reproduced signal referring to the look-up table 60. 
[0234] Fig. 22 is a drawing which diagrammatically shows an example of the look-up table 60 realized by a semi- 
's conductor memory. Referring to Fig. 22, the following explains specifically how the controller 61 evaluates a quality of 
a reproduced signal referring to the look-up table 60. 

[0235] As shown in Fig. 22, the look-up table 60 of Fig. 21 is a table with 14 rows and 14 columns, where the rows 
represent the number R1 of SAM values, and the columns represent the number R2 of SAM values. The total number 
or bits are 50000 bits, so that 

20 

R1 =50000 X RV 

R2 = 50000 X R2' 
[0236] Further, the thresholds SL1 and SL2 are 

SL1 = 0.6 
SL2 = 0.4. 

35 The bit error rate BER which has been calculated beforehand from equations (34) through (36) based on R1 and R2 
of SAM values is stored and registered for each combination of R1 and R2 in the table. Note that, it is to be understood 
that the bit error rate BER shown in"E - n° in Fig. 22 (where n = 1, 2, 3,...) means "x 10- n \ (The same is true for Fig. 
23, Fig. 24, Fig. 26(a) and Fig. 26(b)) 

[0237] The controller 11 , upon input of R1 and R2 of SAM values, searches for a row and a column closest to the 
40 input values of R1 and R2, and reads out the corresponding bit error rate BER registered in the table. In this way, the 
controller 1 1 can find the bit error rate without numerous calculations. For example, when the input values of R1 and 
R2 of SAM values are 500 and 200, respectively, the bit error rate is easily found to be 1 7 x 1 0 -4 (1 7E - 4 in Fig. 22), 
which is the registered value corresponding to (504, 206). 

[0238] The following explains in detail how the look-up table 60 is prepared. First, an assumed range of signal eval- 
45 uation values and an assumed range of mode u. of the frequency distribution of SAM values are decided. For example, 
in an application for tesl read operations in which an optimum value of reproducing laser power is found, signal eval- 
uation values in a range of around 1 x 10'* to 1 x 10' 3 need to be accurately calculated with an assumed reference 
bit error rate BER of 5 x 10* 4 Further, given the mode 1 .5 in the presence of a white noise in the reproduced signal, 
the range of mode jj. is found to be 1 .3 to 1 .7 when fluctuations due to a colored noise is assumed to be ± 0.2. In 
so principle, the larger the bit error rate BER, the larger the values of R1 and R2 of SAM values. Also, the larger the mode 
jx, the smaller the values of R1 and R2 of SAM values. Therefore, the respective minimum values of R1 and R2 of 
SAM values can be calculated from equations (35) and (36) by substituting 

55 BER = 1 x 10" 4 

and u, = 1 .7. 

The results of calculation show that R1 of SAM values is 233, and R2 of SAM values is 75. Similarly, the respective 
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maximum values of R 1 and R2 of SAM values can be calculated from, equations (35) and (36) by substituting 

BER = 1 x 10' 3 , 

5 

and |i= 1.3. 

The results of calculation show that R1 of SAM values is 1241 , and R2 of SAM values is 501 . It follows from these 
results that the ranges of the look-up table 60 are 

10 R1: 233 to 1241 

R2: 75 to 501. 

[0239] When the table size is 14 x 14, the bit error rate BER is calculated in advance from equations (34) through 
(36) for each value of R1 and R2 respectively divided into 14 steps of equal width, and the results of calculation are 
15 registered in the memory. 

[0240] In this manner, first by deciding an assumed range of signal evaluation values and an assumed range of 
mode, and then creating a look-up table with the corresponding limited ranges of relative frequencies, the look-up table 
can be installed with the minimum required memory capacity. 

[0241] Note thai, the table size is 14 x 14 only for convenience of explanation. The bit error rate BER can be deter- 
20 mined more accurately with a larger table size, because a larger table size allows R1 and R2 of SAM values to be 
divided at smaller intervals. In actual applications, a larger table is used according to the acceptable memory capacity 
of the system. 

[0242] Further, the blank cells of the look-up table with no registered value indicate impossible combinations where 
R1 < R2. 

25 [0243] As described so far, the foregoing magneto-optical disk reproducing device does not require the conventionally 
required numerous calculations using equations (34) through (36), and therefore is capable of evaluating a reproduced 
signal quality easily and in a shorter period of time. 

[0244] In the foregoing description of the present embodiment, the assumed ranges of R1 and R2 of SAM values, 
respectively labeled by the rows and columns of the look-up table 60, are divided at equal intervals. However, this is 

30 associated with the following problem. Fig. 23 only shows a required portion of the look-up table 60 of Fig. 22; the 
evaluation range of bit error rate BER from 1 x 10 4 to1 x 10/ 3 . As can be seen Fig. 23, while the rate of change of 
bit error rate BER between adjacent cells is small when R1 and R2 of SAM values are large, the rate becomes too 
large when R1 and R2 of SAM values are small. This large rate may cause an excessively large rounding error. 
[0245] This problem can be solved by exponentially changing the intervals of R 1 and R2 of SAM values, so that the 

35 intervals become smaller with smaller values of R1 and R2 of SAM values, and become larger with larger values of 
R1 and R2 of SAM values. For example, Fig. 24 diagrammatically shows contents of a look-up table which was created 
by dividing R1 and R2 of SAM values respectively into 14 steps according to equations (37) and (38) with respect to i 
(i = 1 - 14). 

40 

R1 [i] = 203 x exp(i/7.7) (37) 



R2[i] = 64 x exp(i/6.8) (38) 

45 

It can be seen from Fig. 24 that the bit error rate BER changes at substantially equal intervals. As a result, the rounding 
error of bit error rate BER can be made smaller. 

[0246] Note that, in the foregoing description of the present embodiment, the registered values of the look-up table 
60 are the bit error rates BER themselves. However, considering that the look-up table 60 is realized by a semiconductor 
so memory and in view of the table size and data operability, the registered values are preferably integers that can be 
expressed in one byte. 

[0247] This can be achieved by multiplying an assumed range of bit error rate with a predetermined modulus, so 
that the range is confined within 0 to 255. For example, in the foregoing magneto-optical disk reproducing device with 
the assumed bit error rate range of 1 x 1 0" 4 to 1 x 1 0* 3 , the range of registered values becomes 25 to 250 and it can 
55 be confined within one byte when the predetermined modulus is 250000. Fig. 25 diagrammatically shows contents of 
such a look-up table 60. 
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[Seventh Embodiment] 

[0248] Referring to Fig. 24, Fig. 26(a) and Fig. 26(b), and Fig. 27, the following describes another magneto-optical 
disk reproducing device using a signal evaluation device and a signal evaluation method according to still another 
5 embodiment of the present invention. Note that, the magneto-optical disk reproducing device of the present invention 
has the same structure, except for the contents of the look-up table 60, as the magneto-optical disk reproducing device 
shown in Fig. 21 of the Sixth Embodiment. Accordingly, further explanations thereof are omitted here and Fig. 21 will 
be referred to where appropriate. 

[0249] Fig. 24 shows contents of the look-up table 60 (Fig. 21 ) which was created by exponentially changing R1 and 
10 R2 of SAM values, as described above. In the table, the effective range of bit error rate BER takes the form of a 
parallelogram, and therefore the effective data volume is much less than the actual data volume which is expected for 
the table size of 14 x 14 = 196. This is because the look-up table 60 is realized by a table of a matrix form in which 
R1 and R2 of SAM values are labeled by the rows and columns of the table. 

[0250] Fig. 26(a) and Fig. 26(b) show an alternate form of look-up table 60, in which two tables combine to make up 
15 the look-up table 60. Fig. 26(a) is a table in which R2 values of SAM values corresponding to the effective range of bit 
error rate BER are registered in array form with respect to each value of R1 of SAM values. For example, referring to 
Fig. 24, the R2 values of SAM values corresponding to the effective range of bit error rate BER 1 x 1 0- 4 to 1 x 10" 3 
with respect to R1 = 300 are 99, 1 1 5, 1 34, 1 55. An array of these four numbers is created for R1 = 300. Table A of Fig . 
26(a) is prepared in this manner by creating an array for each R1 value of assumed 14 different SAM values. 
20 [0251] Fig. 26(b) is a table which registers values of bit error rate BER determined from the registered R2 values in 
Table A with respect to R1 of each SAM value. For example, with respect to R1 = 300, four bit error rates BER 
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are determined from 99, 115, 134, 155, respectively, which are registered for the array of R1 = 300 in Table A. An array 
of these bit error rates BER is created for R1 = 300. Table B of Fig. 26(b) is prepared in this manner by creating an 
array for each R1 value of assumed 14 different SAM values. 

[0252] Referring to Fig. 26(a) and Fig. 26(b) and the flow chart of Fig. 27, the following explains how bit error rates 
30 BER are determined from R1 and R2 of SAM values in the look-up table 60 which was created in the described manner. 

[0253] First, in S31 , the relative frequency R1 at or below the threshold SL1 (a value multiplied by the total number 

of bits), and the relative frequency R2 at or below the threshold SL2 (a value multiplied by the total number of bits) are 

found from the frequency distribution of SAM values. For example, it is assumed here that R1 = 500, and R2 = 200. 

[0254] In the subsequent step S32, a search is made through Table A to find a row closest to the value of R1 of SAM 
35 values obtained in S31 , and the corresponding array in row 7 (labeled "504") is selected. 

[0255] In the subsequent step S33, the closest value to the value of R2 of SAM values is selected from the registered 

values of the selected array, i.e., the third cell 208 of the array. 

[0256] In the next step S34, a search is made through Table B to find the closest value to the value of R1 of SAM 
values, and the corresponding array in row 7 (labeled "504") is selected. 

40 [0257] Finally, in S35, the registered value in the third cell of the array, closest to the value of R2 of SAM values 
obtained in S33, is read out so as to obtain the corresponding bit error rate BER = 5.0 x 10' 4 (5.0E - 4 in Fig. 26(b)). 
[0258] The look-up table 60 has the size 1 4 x 5 = 70 for Table A and 1 4 x 5 = 70 forTable B, i.e., a memory capacity 
of 140. This is much smaller than the memory capacity 196 of the matrix table in which R1 and R2 of SAM values are 
labeled by the rows and columns of the table. Further, given the same memory capacity, the intervals of R1 and R2 of 

45 SAM values can be made shorter. This makes it possible to calculate bit error rate BER with a smaller rounding error. 
[0259] Further, the foregoing Sixth and Seventh Embodiments described the magneto-optical disk reproducing de- 
vice using a signal evaluation device and a signal evaluation method. However, the present invention is not just limited 
to this and is equally effective in all kinds of devices that reproduce signals according to the PRML method. That is, 
the present invention is applicable to a wide variety of devices such as optical disk devices with a phase-change 

so medium, magnetic recording devices, and communication data receiving devices. 

[0260] Further, in the foregoing Sixth and Seventh Embodiments, standard deviation o and mode are calculated 
from the simultaneous equations (35) and (36), using the measured values of R1 1 and R2\ which are relative frequencies 
in the domains at or below first threshold SL1 and second threshold SL2, respectively, in the frequency distribution of 
- SAM values which indicate path metric differences. Alternatively, standard deviation o and mode u may be determined 

55 based on the relative frequencies at or above the first threshold and second threshold in the frequency distribution of 
path metric differences It is also possible to determine standard deviation a and mode u based on the relative fre- 
quencies at or below and at or above the first threshold and the second threshold, respectively, or at or below and at 
or above the second threshold and the first threshold, respectively, in the frequency distribution of path metric differ- 
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■ ences. " " - . • ••- ■ ...... 

[0261 J The signal evaluation device may be adapted so that the counting means includes first counting means for 
counting a first number of samples which has given a difference of likelihoods at or below a first threshold as a result 
of subtraction by the subtracting means, and second counting means for counting a second number of samples which 

5 has given a difference of liketihoods at or below a second threshold as a result of subtraction by the subtracting means, 
and the arithmetic operation means finds a first probability, based on the number of measured samples and the first 
number of samples, that the difference of likelihoods is at or below the first threshold, and finds a second probability, 
based on the number of measured samples and the second number of samples, that the difference of likelihoods is at 
or below the second threshold, and then processes the first and second probabilities by arithmetic operations so as to 

10 obtain the index of signal evaluation. 

[0262] According to this invention, the first number of samples which has given a difference of likelihoods at or below 
the first threshold and the second number of samples which has given a difference of likelihoods at or below the second 
threshold can be counted simultaneously, thereby requiring less time to obtain the number of samples which has given 
a difference of likelihoods at or below the predetermined threshold. As a result, it is possible to provide the signal 

15 evaluation device which requires less time to obtain an index of signal evaluation. 

[0263] That is, the counting means of the signal evaluation device, by the provision of the first counting means and 
the second counting means, is able to simultaneously count the numbers of samples which are at or below the thresh- 
olds of the respective counting means. This allows samples to be counted in a shorter period of time, which in turn 
shortens the time required to obtain an index of signal evaluation by the arithmetic operations of a first probability and 

20 a second probability which have given differences of likelihoods at or below their respective first and second thresholds. 
[0264] The signal evaluation device may further include correction arithmetic means for correcting the number of 
measured samples, wherein the arithmetic operation means finds a probability, using the number of measured samples 
corrected by the correction arithmetic means, that the difference of likelihoods is at or below the predetermined thresh- 
old, and processes the probability by arithmetic operations so as to obtain the index of signal evaluation. 

25 [0265] According to this arrangement, the number of measured samples can be obtained in corrected values, which 
more accurately indicate the number of measured samples contained in a distribution with the peak closest to 0. The 
corrected number of measured samples can be used to more accurately find the probability that the difference of 
likelihoods is at or below the predetermined threshold. Arithmetic operations of such an accurate probability produce 
more accurate index of signal evaluation, thus improving accuracy of the signal evaluation device. 

30 [0266] Further, in order to solve the foregoing problems, a signal evaluation method of the present invention for 
evaluating a decoded signal of maximum likelihood decoding includes the steps of: finding a difference of likelihoods 
of measured samples; counting a number of samples which has given a difference of likelihoods at or below a prede- 
termined threshold; and finding a probability, based on a number of measured samples and the number of samples 
with the difference of likelihoods at or below the predetermined threshold, that the difference of likelihoods is at or 

35 below the predetermined threshold, and processing the probability by arithmetic operations so as to obtain an index 
of signal evaluation. 

[0267] According to this invention, as in the foregoing signal evaluation device, the distribution with the peak closest 
to 0 can be approximated to a normal distribution and mean u, and standard deviation o of the normal distribution can 
be obtained without extracting only the sequence which trace the paths that form such a distribution. 
40 [0268] That is, there is provided a signal evaluation method, capable of evaluating a plurality of PR methods, which 
can be implemented on the signal evaluation device of a simple structure. 

[0269] The reproducing device may be adapted so that the recording medium is an optical recording medium, and 
may further include: reproducing power varying means for varying reproducing power of a light beam; and optimum 
reproducing power deciding means for deciding optimum reproducing power based on the signal quality evaluated by 
45 the signal quality evaluation means with respect to the reproduced signal reproduced by the reproducing means at 
each reproducing power. 

[0270] According to this invention an accurate optimum reproducing power can be found with a simple circuit struc- 
ture, and much less time is required for test lead operations, compared with the case where test lead operations are 
performed by directly evaluating the bit error rate. 

so [0271] That is, the reproducing device is further provided with reproducing power varying means for varying repro- 
ducing power of a light beam, and optimum reproducing power deciding means for deciding optimum reproducing 
power. The reproduced signal evaluation means, at each reproducing power varied and set by the reproducing power 
varying means, finds a signal quality of a reproduced signal reproduced by the reproducing means, and the optimum 
reproducing power deciding means decides optimum reproducing power based on the signal quality. 

55 [0272] The signal quality so obtained is an evaluation value which accurately corresponds to the bit error rate, and 
thus the optimum reproducing power that is decided based on such a signal quality is also accurate. Further finding 
a signal quality by the reproduced signal evaluation means requires much less measurement bits as for bit error rates. 
Therefore, much less time is required for the test lead operations, compared with the case where bit error rates are 
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directly evaluated. 

[0273] That is, there is provided a reproducing device, capable of finding an accurate optimum reproducing power, 
which requires much less time for the test lead operations. 

[0274] It is preferable that the optimum reproducing power decided by the optimum reproducing power deciding 
5 means is a median of a reproducing power range in which a quality of the reproduced signal is higher than a prede- 
termined reference value. 

[0275] In this way, the bit error rate does not become detrimental even when the optimum reproducing power is 
varied by such factors as a skew or temperature fluctuations of the disk, which is used as the optical recording medium. 
[0276] The reproducing device may be adapted so that the recording medium is an optical recording medium, and 

10 the reproducing device may further include: recording power varying means for varying recording power of a light beam; 
recording means for recording test patterns at each recording power; and optimum recording power deciding means 
for deciding optimum recording power based on the signal quality evaluated by the signal quality evaluation means 
with respect to the reproduced signal of the recorded test patterns reproduced by the reproducing means. 
[0277] According to this invention, an accurate optimum recording power can be found with a simple circuit structure, 

15 and much less time is required for test lead operations, compared with the case where test lead operations are per- 
formed by directly evaluating the bit error rate. 

[0278] That is, the reproducing device is further provided with recording power varying means for varying recording 
power of a light beam, recording means for recording test patterns at each recording power, and optimum recording 
power deciding means for deciding optimum recording power. The reproduced signal evaluation means, at each re- 
20 cording power varied and set by the recording power varying means, finds a signal quality of a reproduced signal 
reproduced by the reproducing means from the test patterns recorded by the recording means, and the optimum re- 
cording power deciding means decides optimum recording power based on the signal quality. 

[0279] The signal quality so obtained is an evaluation value which accurately corresponds to the bit error rate, and 
thus the optimum recording power that is decided based on such a signal quality is also accurate. Further finding a 
25 signal quality by the reproduced signal evaluation means requires much less measurement bits as for bit error rates. 
Therefore, much less time is required for the test lead operations, compared with the case where bit error rates are 
directly evaluated. 

[0280] That is, there is provided a reproducing device, capable of finding an accurate optimum recording power, 
which requires much less time for the test lead operations. 
30 [0281] It is preferable that the optimum recording power decided by the optimum recording power deciding means 
is a median of a recording power range in which a quality of the reproduced signal is higher than a predetermined 
reference value. 

[0282] In this way, the bit error rate does not become detrimental even when the optimum recording power is varied 
by such factors as a skew or temperature fluctuations of the disk, which is used as the optical recording medium. 
35 [0283] The reproducing device may further includes servo means for optimizing a servo offset based on the signal 
quality evaluated by the signal quality evaluation means, so as to servo control the reproduced signal reproduced by 
the reproducing means. 

[0284] According to this arrangement, an accurate optimum servo offset can be found by a simple circuit structure, 
and much less processing time is required, compared with the case where optimization of servo offset is carried out 
40 by directly evaluating the bit error rate. 

[0285] That is, the reproducing device further includes servo means for optimizing a servo offset, and the reproduced 
signal evaluation means find a signal quality of a reproduced signal reproduced by the reproducing means, so as to 
decide an optimum servo offset based on the signal quality 

[0286] The signal quality so obtained is an evaluation value which accurately corresponds to the bit error rate, and 
45 therefore optimization of the servo offset based on the signal quality, instead of the bit error rate as conventionally 
done, is sufficient to perform highly stable servo control on the reproduced signal. Further, optimization of the servo 
offset based on the signal quality requires much less number of measurement bits than that required for the optimization 
based on the bit error rate. As a result, much less processing time is required that that for the optimization of servo 
offset based of bit error rates. 
so [0287] That is, there is provided a reproducing device, capable of finding an accurate optimum servo offset with a 
simple circuit structure, which requires much less processing time for the optimization of servo offset. 
[0288] The reproducing device may further include waveform equalizing means for optimizing an equalizing coeffi- 
cient based on the signal quality evaluated by the signal quality evaluation means, so as to equalize waveforms of the 
reproduced signal reproduced by the reproducing means. 
55 [0289] According to this arrangement, an accurate optimum equalizing coefficient can be obtained with a simple 
circuit structure, and much less processing time is required than he case where optimization of equalizing coefficient 
is carried out by directly evaluating the bit error rate. 

[0290] That is, the reproducing device additionally includes a waveform equalizing means for deciding an optimum 
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equalizing coefficient based on a signal quality which was found by the reproduced signal evaluation means with 
respect to a reproduced signal reproduced by the reproducing means, so as to equalize the reproduced signal with 
the optimum equalizing coefficient. 

[0291] The signal quality is an evaluation value which accurately corresponds to the bit error rate, and therefore 
5 optimization of equalizing coefficient based on the signal quality, instead of the bit error rate, is sufficient to obtain a 
highly reliable optimum equalizing coefficient. Further, optimization of equalizing coefficient based on the signal quality 
requires much less number of measurement bits than the optimization based on bit error rates. As a result, much less 
processing time is required than the optimization of equalizing coefficient based on the bit error rate. 
[0292] That is, there is provided a reproducing device, capable of finding an accurate optimum equalizing coefficient 
10 with a simple circuit structure, which requires much less processing time for the optimization of equalizing coefficient. 
[0293] The reproducing device may further include tilt servo means for correcting a tilt of the recording medium based 
on the signal quality evaluated by the signal quality evaluation means with respect to the reproduced signal reproduced 
by the reproducing means. 

[0294] According to this arrangement, tilt correction can be accurately carried out with a simple circuit structure, and 
is much less time is required for the tilt correction compared with the case where tile correction is carried out by directly 
evaluating the bit error rate. 

[0295] That is, the reproducing device additionally includes tilt servo means for carrying out tilt correction based on 
a signal quality which was found by the reproduced signal evaluation means with respect to a reproduced signal quality 
reproduced by the reproducing means. 
20 [0296] The signal quality is an evaluation value which accurately corresponds to the bit error rate, and therefore tilt 
correction based on the signal quality, instead of the bit error rate, is sufficient to accurately correct a tilt. Further, the 
process of tilt correction based on the signal quality requires much less number of measurement bits than the tilt 
correction process based on bit error rates. As a result, much less processing time is required than the tilt correction 
based on bit error rates. 

25 [0297] That is, there is provided a reproducing device, capable of accurately correcting a tilt with a simple structure, 
which requires much less processing time for the tilt correction. 

[0298] Further, the reproducing device may be adapted so that a modulation method of the recording medium has 
a code with a limited run length d = 1 , and an isolated mark assumed by the path metric difference detecting means 
for the PRML decoding has impulse response (a, 2a, a), and the predetermined threshold for finding the relative fre- 
30 quency is in a range of from 1 .6a 2 to 2.4a 2 , inclusive, when the PRML decoding is under the limited run length. 

[0299] According to this arrangement, an error and a defect caused by deviations of the SAM frequency distribution 
from the normal distribution can be suppressed at the same time, thereby realizing high accurate test read operations 
and/or test write operations. 

[0300] That is, the reproducing device is adapted so that an isolated mark in decoding of a reproduced signal of a 
35 bit string which was recorded with the RLL (Run Length Limited) code has impulse response (a, 2a, a), and the pre- 
determined threshold for finding the relative frequency is in a range of from 1 .6a 2 to 2.4a 2 , inclusive, in the PRML 
decoding under the limited run length. According to this arrangement, an error and a defect caused by deviations of 
the SAM frequency distribution fromthe normal distribution can be suppressed at the same time, thereby realizing high 
accurate test read operations and/or test write operations. 
40 [0301 ] Further, the reproducing device may be adapted so that the predetermined reference value is determined by 
solving equation (11) below foro 



BER = (n/N) Xf° exp{ - (x -jQ* / 2«r '} A ... (11) 
and then by substituting a resulting value of a in equation (12) below 

so 

(n/N) x ex P< ~(x - M) 2 /2* 2 ) dr ... (1-2) 

V2 it a 

55 



where SL is the predetermined threshold, BER is a desired reference value of bit error rate, p. is a mode of the frequency 
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distribution of path metric differences, N is a total number of bits used to find the path metric differences, and n is a 
number of patterns of path metric differences with a minimum ideal value among all bit strings. 
[0302] With this arrangement, more reliable test read operations and/or test write operations can be carried out. 
[0303] That is to say, when the noise which causes variations of a plurality of SAM values obtained as path metric 
s differences is close to a white noise : each frequency distribution of SAM values can be approximated to a normal 
distribution. Therefore, a portion of the distribution smaller than the minimum SAM ideal value 1 .5 can be nearly ap- 
proximated to a normal distribution with a mode u. close to 1.5. Here, the standard deviation a, which indicates a 
variance of the approximated normal distribution, corresponds one to one with the bit error rate, which relationship is 
represented by equation (11). 

w [0304] Further, the standard deviation o, which corresponds to BER, obtained from equation (11) can be used in 
equation (1 2) to find the relative frequency of a portion of the SAM distribution at or smaller than the arbitrary threshold 
SL with respect to a reproduced signal of a quality corresponding to a predetermined BER. 

[0305] Thus, the SAM relative frequency corresponding to the required BER of the reproducing device due to its 
error correction capability can be found by solving equation (12) for a, which is obtained by substituting the BER in 
*5 equation (11 ). The SAM relative frequency so obtained can be used as a predetermined reference for deciding optimum 
reproducing or recording power, so as to realize highly reliable test read operations and/or test write operations. 
[0306] Further, the reproducing device may be adapted so that, when a modulation method of the optical recording 
medium has a limited run length d = 1, n is a number of patterns "00111", "00011", "11 000", or "11100" among all bit 
strings. 

20 [0307] According to this arrangement, modulus conversion of SAM frequency distribution and approximated normal 
distribution can be accurately carried out based on the probability of finding the patterns "001 11", "000 11", "11000", or 
"11100" among all bit strings, when a modulation method of the optical recording medium has a limited run length d = 
1 . It is therefore possible to accurately derive a SAM relative frequency with respect to a predetermined bit error rate, 
and to carry out highly reliable test read operations and/or test write operations. 

25 [0308] Further, the reproducing device may be adapted to include frequency detecting means for detecting a fre- 
quency of path metric differences at or below the mode, wherein a value two times the detected frequency is used as n. 
[0309] In this case, a portion of the SAM frequency distribution at or below mode jj. is approximated to a normal 
distribution with the mode of about 1.5, and the frequency at or below the mode multiplied by two substantially 
coincides with the frequency n of the normal distribution. Thus, even when the probability of finding the foregoing four 

30 patterns from the random patterns greatly differs from the actual probability as in the case of unique patterns, the 
complicated process of detecting the probability of finding the four patterns based on a decoded bit string will not be 
required. Rather, only an accurate value of constant K needs to be found with the simple structure to realize highly 
reliable signal quality evaluation. 

[0310] The reproducing device may further include mode detecting means for detecting the mode of the frequency 
35 distribution of path metric differences. 

[0311] According to this arrangement, the mode detecting means detects a mode of a frequency distribution of path 
metric differences in real time. This makes it possible to find a reference value according to a mode which varies 
according a noise type, thus finding a more accurate reference value. 

[0312] Further, a signal evaluation device according to one embodiment of the present invention may be adapted 
40 so that the look-up table is a table of a matrix form in which signal quality evaluation values are registered for the first 
relative frequency and the second relative frequency, which are labeled by rows and columns of the table, respectively, 
or by columns and rows of the table, respectively. 

[0313] According to this signal evaluation device, for example, when the first relative frequency represents rows and 
the second relative frequency represents columns, a search is made through the rows and columns to find a value of 

45 first relative frequency closest to the first relative frequency obtained by the first relative frequency detecting means 
and a value of second relative frequency closest to the second relative frequency obtained by the second relative 
frequency delecting means. Subsequently, a signal quality evaluation value corresponding to these values of first 
relative frequency and second relative frequency is read out from the look-up table. In this way, a signal quality eval- 
uation value can be found without numerous calculations. 

50 [0314] Further, a signal evaluation device according to one embodiment of the present invention is adapted so that 
the look-up table is a set of two tables of an array form, in which values of an effective range of the second relative 
frequency are registered for each value of the first relative frequency in one table, and signal quality evaluation values 
corresponding to the values of the effective range of the second relative frequency are registered for each value of the 
first relative frequency in the other table. 

55 [0315] With this signal evaluation device, the memory capacity can be saved significantly. Further, given the same 
memory capacity, the first and second relative frequencies can be divided at smaller intervals. As a result, signal quality 
evaluation values can be obtained with smaller rounding errors. 

[0316] Further, a signal evaluation device according to one embodiment of the present invention is adapted so that 
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at least one of ihe first relative frequency and the second relative frequency in the look-up table is varied exponentially. 
[031 7] According to this signal evaluation device, because the rate of change of the first relative frequency and the 
second relative frequency is exponential, the rate of change of signal quality evaluation values registered in the look- 
up table can be made substantially constant. As a result, signal quality evaluation values can be obtained with-smaller 
5 rounding errors. 

[0318] Further, a signal evaluation device according to one embodiment of the present invention is adapted so that 
the signal quality evaluation values registered in the look-up table are numbers of errors with respect to a predetermined 
modulus which is decided in such a manner that the number of errors falls in a range within an integer range of 1 byte. 
[0319] According to this signal evaluation device, the look-up table is created to include signal quality evaluation 
10 values which are number of errors with respect to a predetermined modulus which is decided in such a manner that 
the number of errors falls in a range within an integer range of 1 byte. In this way, the required memory capacity for 
the look-up table can be suppressed. 

[0320] Further, a signal evaluation device according to one embodiment of the present invention is adapted so that 
the look-up table is created according to changing ranges of the first and second relative frequencies, which ranges 
15 are found from an assumed range of the signal quality evaluation values and from an assumed range of a mode of the 
frequency distribution of the path metric differences. 

[0321] According to this signal evaluation device, the look-up table is created to include only limited ranges of the 
first and second relative frequencies, which ranges are found from an assumed range of the signal quality evaluation 
values and from an assumed range of a mode of the frequency distribution of the path metric differences. In this way, 

20 a required memory capacity for installation can be minimized. 

[0322] Further, a signal evaluation device according to one embodiment of the present invention is adapted so that 
at least one of the labels of the first relative frequency and the second relative frequency of the look-up table is set 
such that a rate of change of the signal quality evaluation values becomes substantially constant. 
[0323] According to this signal evaluation device, at least one of the labels of the first relative frequency and the 

25 second relative frequency is set such that a rate of change of the signal quality evaluation values becomes substantially 
constant. In this way, signal quality evaluation values can be obtained with smaller rounding errors. 
[0324] A signal evaluation method of the present invention includes the steps of: finding a path metric difference of 
two paths which enter a correct state of a trellis diagram during PRML decoding of a reproduced signal which is re- 
produced from an information carrier; counting first accumulative values when the path metric difference is smaller or 

30 greater than a first threshold; counting second accumulative values when the path metric difference is smaller or greater 
than a second threshold: and reading out a signal quality evaluation value of the reproduced signal based on the first 
and second accumulative values, referring to a pre-set look-up table in which signal quality evaluation values are 
registered in relation to the first and second accumulative values. 

[0325] According to this signal evaluation method, the following sequence is followed: finding a path metric difference 
35 of two paths which enter a correct state of a trellis diagram during PRML decoding of a reproduced signal which is 
reproduced from an information carrier; counting first accumulative values (corresponding to a portion of the frequency 
distribution of path metric differences defined by the first threshold) when the path metric difference is smaller than a 
first threshold; counting second accumulative values (corresponding to a portion of the frequency distribution of path 
metric differences defined by the second threshold) when the path metric difference is smaller than a second threshold; 
40 and reading out a signal quality evaluation value of the reproduced signal based on the first and second accumulative 
values, referring to a pre-set look-up table which was prepared in relation to the first and second accumulative values. 
In this way, complicated statistical operations will not be required, and a signal quality can be evaluated both easily 
and in a short period of time. 

[0326] It is preferable that information in a predetermined area of the recording medium is read out before measure- 
rs ment, so as to clear a counter value of the counting means to zero prior to the decoding. 

[0327] By thus clearing the counter value of the counting means to zero prior to the measurement, the number of 
samples outputted from the comparators can match the counter value counted by the counting means, making it pos- 
sible to find the number of samples which has given a difference of likelihoods at or below the predetermined threshold 
as a result of operations by the arithmetic means. 
50 [0328] It is preferable that a counter value at the start of measurement is stored in memory means, and is compared 
with a counter value after the measurement. 

[0329] In this way : it is possible to easily find the number of measured samples which has given a difference of 
likelihoods at or below the predetermined threshold as a result of operations by the arithmetic means, without clearing 
the counter value to zero before the measurement. 
55 [0330] It is preferable that the counting means is provided in pair with a comparator of a variable threshold, and a 
number of samples at or below a predetermined threshold is counted twice with respect to a single measurement area, 
each time with a different threshold. 

[0331] In this way, only a single comparator and a single counter are required to find the number of sample which 
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has given a difference of likelihoods at or below the predetermined threshold as a result of operations by the arithmetic 
means. As a result, the device structure can be further simplified. 

[0332] It is preferable that the reproducing device is an optical disk device of a phase-change system, a magneto- 
optical disk device, a magnetic recording device, or a communication data receiving device. 
5 [0333] In this manner, the present invention can be applied to various types of reproducing devices. 

[0334] It is preferable that the look-up table has a maximum allowable size of a system memory capacity. 

[0335] In this way, the intervals of R1 and R2 of SAM values can be made shorter with an increasing size of the 

table. As a result, a more accurate bit error rate BER can be found. 

[0336] It is preferable that, in addition to the test patterns on a test track, another test pattern is recorded on adjacent 
io tracks of the test track. 

[0337] In this way, influence of crosswrite or crosstalk from adjacent tracks can be taken into consideration to more 
accurately find optimum recording power. 

[0338] A recording device of the present invention includes: reproducing means for reproducing a recording medium; 
path metric difference detecting means for finding a path metric difference of two paths which enter a correct state of 
15 a trellis diagram during PRML decoding of a reproduced signal reproduced by the reproducing means; relative fre- 
quency detecting means for finding a relative frequency of a domain defined by a predetermined threshold in a fre- 
quency distribution of path metric differences; and signal quality evaluation means for evaluating a quality of the re- 
produced signal based on the relative frequency. 

[0339] According to this invention, it is possible to realize a recording device which is capable of accurately detecting 

20 a quality of a reproduced signal with a simple circuit structure. 

[0340] That is, the path metric difference detecting means finds a path metric difference of two paths which enter a 
correct state of a trellis during PRML decoding of the reproduced signal reproduced by the reproducing means, rather 
than selecting only those bit patterns which produce a predetermined ideal value as conventionally done. In other 
words, the path metric difference detecting means finds a path metric difference of two paths, instead of monitoring 

25 patterns of plural data bits to judge whether the patterns fit specific patterns. Thus, the path metric difference detecting 
means can be realized by simple circuitry. 

[0341] Further, the relative frequency detecting means finds a relative frequency of a portion of the frequency distri- 
bution of path metric differences defined by a predetermined threshold. The signal quality evaluation means evaluates 
a quality of the reproduced signal based on the relative frequency obtained by the relative frequency detecting means. 

30 [0342] As described, the frequency distribution of path metric differences varies according to a signal quality. There- 
fore, the relative frequency of a portion of the frequency distribution of path metric differences defined by the prede- 
termined threshold reflects the size of a noise and corresponds to a signal quality. Thus, a quality of the reproduced 
signal can be accurately detected when thequality of the reproduced signal is evaluated based on the relative frequency. 
[0343] The invention being thus described, it will be obvious that the same way may be varied in many ways. Such 

35 variations are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications 
as would be obvious to one skilled in the art are intended to be included within the scope of the following claims. 



Claims 

40 

1. A signal evaluation device for evaluating a decoded signal of maximum likelihood decoding, comprising: 

subtracting means (9) for finding a difference of likelihoods of measured samples; 

counting means (12, 13) for counting a number of samples which has given a difference of likelihoods at or 
45 below a predetermined threshold as a result of subtraction by the subtracting means (9); and 

arithmetic operation means (14) for finding a probability, based on a number of measured samples and the 
number of samples counted by the counting means (12, 13) : that the difference of likelihoods is at or below 
the predetermined threshold, and processing the probability by arithmetic operations so as to obtain an index 
of signal evaluation. 

so 

2. The signal evaluation device as set forth in claim 1 , wherein: 

said counting means (12, 13) comprises first counting means (10, 12) for counting a first number of samples 
which has given a difference of likelihoods at or below a first threshold as a result of subtraction by the sub- 
55 tracting means (9), and second counting means (11,13) for counting a seconcTnumber of samples which has 

given a difference of likelihoods at or below a second threshold as a result of subtraction by the subtracting 
means (9), and 

said arithmetic operation means (14) finds a first probability, based on the number of measured samples and 
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the first number of samples, that the difference of likelihoods is at or beiow the first threshold, and finds a 
second probability, based on the number of measured samples and the second number of samples, that the 
difference of likelihoods is at or below the second threshold, and then processes the first and second proba- 
bilities by arithmetic operations so as to obtain the index of signal evaluation. 

5 

3. The signal evaluation device as set forth in claim 1 or 2, further comprising: 

correction arithmetic means (14) for correcting the number of measured samples, 
10 wherein: 

said arithmetic operation means (1 4) finds a probability, using the number of measured samples corrected by 
the correction arithmetic means (1 4), that the difference of likelihoods is at or below the predetermined thresh- 
old, and processes the probability by arithmetic operations so as to obtain the index of signal evaluation. 

15 

4. A signal evaluation method for evaluating a decoded signal of maximum likelihood decoding, comprising the steps 

of: 

finding a difference of likelihoods of measured samples; 
20 counting a number of samples which has given a difference of likelihoods at or below a predetermined thresh- 

old: and 

finding a probability, based on a number of measured samples and the number of samples with the difference 
of likelihoods at or below the predetermined threshold, that the difference of likelihoods is at or below the 
predetermined threshold, and processing the probability by arithmetic operations so as to obtain an index of 
25 signal evaluation. 

5. A signal quality evaluation method, comprising the steps of: 

reproducing a recording medium (1); 
30 finding a path metric difference of two paths which enter a correct state of a trellis during PRML decoding of 

a reproduced signal from the recording medium (1); 

finding a relative frequency of a domain defined by a predetermined threshold in a frequency distribution of 
path metric differences; and 

evaluating a quality of the reproduced signal based on the relative frequency. 

35 

6. A reproducing device, comprising: 

reproducing means (2, 3, 4, 5) for reproducing a recording medium (1); 

path metric difference detecting means (6) for finding a path metric difference of two paths which enter a 
40 correct state of a trellis during PRML decoding of a reproduced signal reproduced by the reproducing means 

(2,3, 4, 5); 

relative frequency detecting means (9, 10 : 11, 12) for finding a relative frequency of a domain defined by a 
predetermined threshold in a frequency distribution of path metric differences; and 

signal quality evaluation means (13) for evaluating a quality of the reproduced signal based on the relative 
45 frequency. 

7. A recording device, comprising: 

reproducing means (2, 3, 4, 5) for reproducing a recording medium (1); 
so path metric difference detecting means (6) for finding a path metric difference of two paths which enter a 

correct state of a trellis during PRML decoding of a reproduced signal reproduced by the reproducing means 

(2, 3, 4, 5); 

relative frequency detecting means (9, 10 : 11, 12) for finding a relative frequency of a domain defined by a 
predetermined threshold in a frequency distribution of path-metric differences; and 
55 signal quality evaluation means (13) for evaluating a quality of the reproduced signal based on the relative 

frequency. 

8. The reproducing device as set forth in claim 6, 
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wherein: 



the recording medium (1) is an optical recording medium, and 
said reproducing device further comprises: 

5 

reproducing power varying means (14) for varying reproducing power of a light beam; and 
optimum reproducing power deciding means (13) for deciding optimum reproducing power based on the 
signal quality evaluated by the signal quality evaluation means (13) with respect to the reproduced signal 
reproduced by the reproducing means (2. 3, 4) at each reproducing power. 

10 

9. The reproducing device as set forth in claim 8, wherein the optimum reproducing power decided by the optimum 
reproducing power deciding means (13) is a median of a reproducing power range in which a quality of the repro- 
duced signal is higher than a predetermined reference value. 



15 10. The recording device as set forth in claim 7, wherein: 

the recording medium (1) is an optical recording medium, and 
said recording device further comprises: 



20 recording power varying means (14) for varying recording power of a light beam; 

recording means (15, 16) for recording test patterns at each recording power; and 

optimum recording power deciding means (13) for deciding optimum recording power based on the signal 
quality evaluated by the signal quality evaluation means (13) with respect to the reproduced signal of the 
recorded test patterns reproduced by the reproducing means (2, 3, 4, 5). 

25 

11. The recording device as set forth in claim 10 : wherein the optimum recording power decided by the optimum 
recording power deciding means (13) is a median of a recording power range in which a quality of the reproduced 
signal is higher than a predetermined reference value. 



30 12. The reproducing device as set forth in claim 6, further comprising: 

servo means for optimizing a servo offset based on the signal quality evaluated by the signal quality evaluation 
means (13), so as to servo control the reproduced signal reproduced by the reproducing means (2, 3, 4, 5). 

35 13. The reproducing device as set forth in claim 6 : further comprising: 

waveform equalizing means for optimizing an equalizing coefficient based on the signal quality evaluated by 
the signal quality evaluation means (13), so as to equalize waveforms of the reproduced signal reproduced 
by the reproducing means (2, 3, 4, 5). 

The reproducing device as set forth in claim 6, further comprising: 

tilt servo means for correcting a tilt of the recording medium (1 ) based on the signal quality evaluated by the 
signal quality evaluation means (13) with respect to the reproduced signal reproduced by the reproducing 
45 means (2, 3, 4, 5). 

15. The reproducing device as set forth in any one of claims 6, 8, 9, 12, 13, and 14, wherein: 

a modulation method of the recording medium has a code with a limited run length d = 1 , and 
so an isolated mark assumed by the path metric difference detecting means (6, 7, 8) for the PRML decoding has 

impulse response (a, 2a, a), and 

the predetermined threshold for finding the relative frequency is in a range of from 1 .6a 2 to 2.4a 2 , inclusive, 
when the PRML decoding is under the limited run length. 

55 16. The reproducing device as set forth in claim 9 or 12, wherein the predetermined reference value is determined by 
solving equation (11) below for a 
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BER = (n/N) xj 



V2V cr 



(11) 



and then by substituting a resulting value of a in equation (12) below 



2 I 2a 2 } 



(12) 



where SL is the predetermined threshold, BER is a desired reference value of bit error rate, \i is a mode of the 
frequency distribution of path metric differences, N is a total number of bits used to find the path metric differences, 
and n is a number of patterns of path metric differences with a minimum ideal value among all bit strings. 

17. The reproducing device as set forth in claim 16, wherein, when a modulation method of the optical recording 
medium has a limited run length d = 1, n is a number of patterns "001 IT", "00011", "11000", and "11100" among 
all bit strings. 

18. The reproducing device as set forth in claim 16, further comprising: 

frequency detecting means for detecting a frequency of path metric differences at or below the mode, 



19. The reproducing device as set forth in claim 16, further comprising: 

mode detecting means (1 7, 18, 19, 20, 21 , 22) for detecting the mode of the frequency distribution of the path 
metric differences. 

20. A signal evaluation device, comprising: 

reproducing means (2, 3, 4, 5) for reproducing a recording medium; 

path metric difference detecting means (6) for finding a path metric difference of two paths which enter a 
correct state of a trellis during PRML decoding of a reproduced signal reproduced from the recording medium 
(1) by the reproducing means (2, 3, 4, 5); 

first relative frequency detecting means (4, 5, 6) for finding a first relative frequency, which is a relative fre- 
quency of a domain defined by a first threshold in a frequency distribution of path metric differences; 
second relative frequency detecting means (7,8,9) for detecting a second relative frequency, which is a relative 
frequency of a domain defined by a second threshold in the frequency distribution of path metric differences; 
and 

signal evaluation means (10, 11) for evaluating, referring to a pre-set look-up table (10), a quality of the re- 
produced signal based on the first and second relative frequencies found by the first and second relative 
frequency detecting means (4 : 5, 6) (7, 8, 9), respectively. 

21 . The signal evaluation device as set forth in claim 20, wherein the look-up table (1 0) is a table of a matrix form in 
which signal quality evaluation values are registered for the first relative frequency and the second relative fre- 
quency, which are labeled by rows and columns of the table, respectively, or by columns and rows of the table, 
respectively. 

22. The signal evaluation device as set forth in claim 20, wherein the look-up table (10) is a set of two tables of an 
array form, in which values of an effective range of the second relative frequency are registered for each value of 
the first relative frequency in one table, and signal quality evaluation values corresponding to the values of the 
effective range of the second relative frequency are registered for each value of the first relative frequency in the 
other table. 



wherein a value two times the detected frequency is used as n. 
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23. The signal evaluation device as set forth in claim 20 or 21 , wherein at least one of the first relative frequency and 
the second relative frequency in the look-up table (10) is varied exponentially. 

24. The signal evaluation device as set forth in claim 21 or 22, wherein the signal quality evaluation values registered 
5 in the look-up table (10) are numbers of errors with respect to a predetermined modulus which is decided in such 

a manner that the number of errors falls in a range within an integer range of 1 byte. 

25. The signal evaluation device as set forth in claim 21 or 22, wherein the look-up table (1 0) is created according to 
changing ranges of the first and second relative frequencies, which ranges are found from an assumed range of 

10 the signal quality evaluation values and from an assumed range of a mode of the frequency distribution of the path 

metric differences. 

26. The signal evaluation device as set forth in claim 21 or 22 : wherein at least one of the labels of the first relative 
frequency and the second relative frequency of the look-up table (1 0) is set such that a rate of change of the signal 

15 quality evaluation values becomes substantially constant. 

27. A signal evaluation method, comprising the steps of: 

rinding a path metric difference of two paths which enter a correct stale of a trellis during PRML decoding of 
20 a reproduced signal which is reproduced from an information carrier^. 

counting first accumulative values when the path metric difference is smaller or greater than a first threshold; 
counting second accumulative values when the path metric difference is smaller or greater than a second 
threshold: and 

reading out a signal quality evaluation value of the reproduced signal based on the first and second accumu- 
25 lative values, referring to a pre-set look-up table in which signal quality evaluation values are registered in 

relation to the first and second accumulative values. 

28. The signal evaluation device as set forth in any one of claims 1 through 3, wherein information in a predetermined 
area of the recording medium (1) is read out before measurement, so as to clear a counter value of the counting 

30 means (12, 13) to zero prior to the decoding. 

29. The signal evaluation device as set forth in any one of claims 1 through 3, wherein a counter value at the start of 
measurement is stored in memory means, and is compared with a counter value after the measurement. 

35 30. The signal evaluation device as set forth in claim 1 , wherein said counting means (12, 1 3) is provided in pair with 
a comparator (10, 11) of a variable threshold, and a number of samples at or below a predetermined threshold is 
counted twice with respect to a single measurement area, each time with a different threshold. 

31. The reproducing device as set forth in any one of claims 6, 8, 9, and 12 through 19, wherein said reproducing 
40 device is an optical disk device of a phase-change system , a magneto-optical disk device, a magnetic recording 

device, or a communication data receiving device. 

32. The recording device as set forth in claim 1 0 or 1 1 , wherein , in addition to the test patterns on a test track, another 
test pattern is recorded on adjacent tracks of the test track. 

45 

33. The signal evaluation device as set forth in any one of claims 20 through 22, wherein the look-up table (1 0) has a 
maximum allowable size of a system memory capacity. 
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FIG. 27 



^ START ^ 



DETERMINE RELATIVE FREQUENCY Rl AT OR 
BELOW THRESHOLD SL1 AND DETERMINE 
RELATIVE FREQUENCY R2 AT OR BELOW 
THRESHOLD SL2 FROM THE FREQUENCY 
DISTRIBUTION OF SAM VALUES 



—S3! 



SELECT CORRESPONDING ARRAY OF Rl 
FROM TABLE A 



FIND CLOSEST RESISTERD VALUE TO R2 
FROM THE SELECTED ARRAY 



SELECT CORRESPONDING ARRAY OF Rl 
FROM TABLE B 



-S32 



-S33 



-S34 



READ OUT FROM THE SELECTED ARRAY A 
REGISTED VALUE CORRESPONDING TO THE 
CLOSEST VALUE TO R2 FOUND IN S33 



-S35 



f END ^ 
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FIG. 28 
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